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ABSTRACT 
 
Yue Yang: Synthesis and Application of Functionalized Diene-Based Polymers 
(Under the direction of Dr. Valerie Ashby) 
 
A series of disubstituted functionalized dienes have been synthesized and 
polymerizations have been attempted.  Functional groups that were incorporated into the 
monomers included primary amine, tertiary amine, piperidyl and methoxy groups.  Among 
these, the dimethylamine functionalized butadienes were of the most interest and proved to 
have the greatest potential to be polymerized.  Both free radical and anionic polymerizations 
have been investigated.  The effect of various initiators, types of the solvent, temperature, 
size of the side groups and chain transfer reactions on free radical and anionic 
polymerizations was studied in detail.  These polymers were evaluated for their potential as 
gene delivery vectors.  Cytotoxicity, binding affinity and transfection efficiency properties 
were examined.  A systematic study of the structure-property relationships revealed that 
cytotoxicity decreased as the side group of the polymers was altered.  The binding affinity 
between the polymers and DNA also decreased as the size of the side group increased.  Of 
the polymers studied, poly[2-(N,N-diethylaminomethyl)-1,3-butadiene], with lower 
cytotoxicity than poly(ethylene imine) and reasonable transfection efficiency at an N/P ratio 
of 2, is a promising, novel transfection vector. 
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CHAPTER 1.  GENERAL INTRODUCTION 
 
1.1  Introduction to Functional Materials 
Incorporating functional groups into polymers may facilitate the synthesis of 
materials with well-defined structures, thereby improving or adding new properties.  
Adhesion, flexibility, fire retardance, water solubility and oil resistance are among the 
properties that can be tailored.  A commonly used method to adjust a polymer property is the 
addition of low molecular weight additives.  These additives are usually volatile and tend to 
migrate out of the polymer gradually, which may eventually lead to product failure or to 
toxicity problems.  For example, phthalate has been widely used as a plasticizer for 
poly(vinyl chloride) (PVC) to give flexibility.  However, it slowly leaches out of PVC, 
leaving a brittle polymer.  More importantly, phthalate is toxic.  By covalently bonding the 
additive moieties to the polymers, the volatility issue can be avoided.   
There are three ways to incorporate functional groups into the polymers.  The first 
approach is the addition of a functional group to the end of the polymer chain.  The second 
approach is the chemical modification of the polymers after they have been made.  The third 
approach is the polymerization of functionalized monomers.   
 
1.1.1  End-functionalization approach 
The first approach for making functionalized polymers is to add a functional group to 
the end of the polymer chain.  Although many polymers with well-defined structures have 
2been synthesized using this approach, this method only adds one functional group for each 
polymer chain.  Moreover, the polymers typically have to be made under living conditions.   
In the 1980’s and 1990’s, Quirk and coworkers did extensive research work on 
polymer end functionalization via the living anionic polymerization method.1-8 The 
structures of end-functionalized polystyrenes and polybutadienes are illustrated in Figure 1-1.  
Functional groups, such as carboxylic acid1 (Figure 1-1A), primary amine2, 6 (Figure 1-1B), 
amide2 (Figure 1-1C), epoxide5 (Figure 1-1D), aniline2 (Figure 1-1E) and aldehyde,7 (Figure 
1-1H) were used as the reactive site for further coupling with other end-functionalized 
polymers to make block copolymers.  The successful synthesis of naphthalene end-
functionalized polystyrene3 (Figure 1-1F), pyrene-end-labelled polystyrene4 (Figure 1-1G), 
and pyrene-end-labelled polybutadiene4 (Figure 1-1I) allowed for the use of fluorescence 
techniques to study the structural properties of synthetic polymers.  The nitroxide-
functionalized polymer8 (Figure 1-1J) was used as a macroinitiator in nitroxide-mediated 
radical polymerization to prepare block copolymers such as poly(butadiene-b-styrene).9 The 
block copolymer had nearly monodisperse segment block lengths.  This approach offers an 
alternative to the typical anionic polymerization sequential monomer addition method used to 
make styrene-butadiene block copolymers. 
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Figure 1-1.  Structure of end-functionalized polystyrene and polybutadiene 
 
Most recently, Guerrero-Sanchez et al. synthesized terpyridine-functionalized 
polystyrene and poly(ethylene oxide) by reacting 4'-chloro-2,2':6',2''-terpyridine with the 
corresponding polymeric carbanion species (Scheme 1-1).10 The obtained polymers were 
used for the self-assembly of metallo-supramolecular block copolymers.  The metal 
containing polymers were synthesized because of their interesting electrical conductivity and 
optical properties. 
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Scheme 1-1. Synthesis of metallo-supramolecular block copolymers 
 
End-functionalized polymers can also be synthesized by using a functionalized 
initiator.  Hwang et al. synthesized star-branched polybutadienes with a t-
butyldimethylsiloxypropyl chain end using a t-butyldimethylsiloxy-functionalized 
alkyllithium initiator (Scheme 1-2).11 Deprotection of this chain end yielded a 
hydroxypropyl group, which was capable of being converted to a 
trifluoroethanesulfonyloxypropyl chain end by reaction with 2,2,2-trifluoroethanesulfonyl 
5chloride.  Four-, eight- and twelve-arm star-branched polymers were prepared with well-
defined degrees of branching and molecular weights using this approach. 
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Scheme 1-2. Synthesis of 4-arm functionalized polymers 
 
Percec et al. synthesized a series of new functionalized initiators such as N-chloro 
amides, lactams, carbamates and imides for metal catalyzed living radical polymerization of 
methyl methacrylates (Figure 1-2).12 Aliphatic N-chloro amides were found to have the 
highest initiator efficiency (93%).  These initiators are useful for the synthesis of polymers 
with well-defined structures and complex architectures. 
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Figure 1-2. Structures of N-chloro initiators 
 
1.1.2  Post-polymerization approach 
The post-polymerization approach involves incorporating functional groups after the 
polymers were made.  Only one common monomer is needed to prepare polymers with 
various functional groups using this approach.  In addition, various polymerization 
techniques can be used without the concern of the compatibility of the functional groups with 
the initiators and catalysts.  However, degradation occurs in some post polymerization 
reactions.13 This approach usually requires that the polymers have reactive sites in order to 
carry out the post polymerization reactions.  While post-polymerization can be used in both 
step growth and chain growth polymerizations, the major concern is whether degradation of 
the polymer will occur during the functionalization reactions. 
Bloom et al. prepared poly(p-phenylene)s with a variety of functional groups via 
nucleophilic aromatic substitution of poly(4'-fluoro-2,5-benzophenone).14 The degree of 
substitution was 91-100%.  The molecular weights ranged from 27-31 x 103 g/mol with a 
PDI of 1.3-1.8.  The glass transition temperature could be increased from 167 °C to as high 
as 225 °C.  While amine-substituted polymers gave brittle films, the aryl ether functionalized 
7polymers greatly increased the flexibility of the films.  The functionalized polymers were 
soluble in most polar, aprotic solvents, making them easy to process.  Scheme 1-3 shows the 
reaction and structures of the poly(p-phenylene) derivatives. 
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Scheme 1-3. Nucleophilic aromatic substitution of poly(4-fluoro-2,5-benzophenone) with 
various nucleophiles14 
Zhai et al. synthesized a series of polythiophenes containing functional groups such 
as carboxylic acids, amines and thiols by the post polymerization reaction of poly[3-(6-
bromohexyl)thiophenes] (Scheme 1-4).15 The molecular weights of the polymers prepared 
were in the range of 21-30 x 103 g/mol with a PDI of 1.6.  The electronic and photonic 
properties of these polythiophenes are very sensitive to their chemical and electrochemical 
environment.  As a result, they are good candidates to be used as building blocks for 
chemical sensors.   
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Scheme 1-4.  Synthesis of functionalized polythiophenes15 
Nadeau et al. reported the synthesis of functionalized poly(lactic acid)s (PLA) and 
poly(caprolactone)s (PCL) for biomedical applications (Scheme 1-5).16 Functional groups 
that were incorporated include allyl, hydroxyl, carboxylic acid and acyl chloride group.  
Generally a decrease of the molecular weight was observed in the at each step of the post-
polymerization reactions.  This was attributed to the hydrolysis of the ester links.  
Incorporation of allyl groups decreased the glass transition temperature, while the conversion 
of allyl groups to hydroxyl groups increased Tg. Tg was further increased by the conversion 
of hydroxyl groups to carboxylic acid groups. 
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1.1.3  Functionalized monomer approach 
The third approach to synthesize functionalized materials is by polymerization of the 
functionalized monomers.  This method allows the functional groups to be uniformly 
incorporated into the polymer chain with each repeat unit having at least one functional 
group.  However, the effect of the functional groups on the polymerization is a major concern.   
Diene-based polymers containing silyl groups were first reported in 1987.17 Since 
that time, silyl functionalized polymers have been extensively studied.18-22 The alkoxysilyl 
functional groups can be used for crosslinking between polymer chains by condensation of 
the silanols formed by a hydrolysis reaction.  Both free radical and anionic polymerization 
methods have been used to prepare the silyl functionalized polymers.  2-(trimethylsiloxy)-
1,3-butadiene and 2-(tert-butyldimethylsiloxy)-1,3-butadiene were polymerized in bulk using 
AIBN as the initiator.21 Their copolymers with styrene and methyl methacrylate have also 
been prepared via the free radical polymerization technique.21 The glass transition 
temperature of the homopolymers was below room temperature.  After copolymerization, the 
glass transition temperature increased to approximately 50 ºC.  The anionic polymerization 
reactions were usually carried out in THF at -78 °C or in hexane at 20 or 40 °C.  Sec-
butyllithium, lithium napthalenide, potassium napthalenide and cumylpotassium have been 
used as the initiators.  It was found that the polymers mainly had 1,4-microstructure in all 
solvents used.  The structures of these monomers are illustrated in Figure 1-3.   
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Figure 1-3. Structures of silyl-functionalized butadiene monomers 
 
In addition to silyl groups, other functional groups such as amine, nitrile, ester, 
carboxylic acid, and amide groups have been incorporated into diene-based polymers.17, 23-30 
Structures of various functionalized diene-based monomers reported are shown in Figure 1-4. 
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Stadler and coworkers published a series of papers on the anionic synthesis of 
dialkylaminoisoprenes.28, 31-33 Microstructures of the polyaminoisoprenes were studied in 
detail by 1H NMR and 13C NMR.  The polymers had almost exclusively 4,1-microstructure.  
However, the conversion from monomer to polymer was not quantitative, and the 
polymerization mechanism was not well understood.  In 2001, Bieringer et al. synthesized 
triblock copolymers from 2-(N,N-dimethylaminomethyl)-1,3-butadiene, styrene and t-butyl 
methacrylate by sequential monomer addition.34 The polymerization of 2-(N,N-
dimethylaminomethyl)-1,3-butadiene was carried out in toluene at a relatively low 
temperature (-40 °C) in order to suppress side reactions and prevent chain termination.  After 
hydrolysis, triblock copolyampholytes were obtained.  Recently, Mannebach and Müller 
reported the anionic copolymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadienes.35 All 
comonomers were added at the beginning of the polymerization reaction, with random to 
tapered block copolymers obtained depending on their relative reactivities.  It is not well 
understood why the conversion was not quantitative. 
The Sheares group investigated a number of polydienes with functional groups such 
as amines,29, 36 nitriles,25, 26 and esters.27 The amine functionalized polymers may be used in 
gene delivery applications.  The nitrile groups are able to add solvent resistance to the 
materials. The ester groups can be easily converted to acids, amides, or alcohols. Copolymers 
of 2-cyanomethyl-1,3-butadiene or 2-[(N-benzyl-N-methylamino)methyl]-1,3-butadiene with 
styrene were also prepared.  These materials are good candidates to be used in polymer 
blends with commercial products such as styrene-butadiene rubber or nitrile butadiene rubber 
to tailor their properties. 
13
Takenaka et al. reported the polymerization of 2-triethoxymethyl-1,3-butadiene by 
free radical polymerization using AIBN as the initiator.30 The highest molecular weight 
achieved was 2.4 x 104 g/mol with a PDI of 1.8.  Cis-1,4 microstructure predominates in the 
polymer chain.  Upon hydrolysis, the ortho ester group was converted to a carboxylic acid 
group.  Most recently, Yaegashi and coworkers reported amide functionalized 
polybutadienes.24 The amide groups were chosen due to the ease of transformation to other 
functional groups.  The highest conversion (60%) and molecular weight (6.5 x 105 g/mol) 
were obtained when using t-BPO as the initiator. 
These three approaches, end-functionalization, post-polymerization and 
polymerization of functionalized monomers, can also be used in combination.  Mecerreyes et 
al. utilized the functionalized monomer and post polymerization approaches for the synthesis 
of functionalized polyesters (Scheme 1-6).37 These biodegradable polyesters have wide 
usage in commodity thermoplastics and in bioapplications.  First, the allyl functionalized 
monomer was synthesized by oxidation of 2-allyl cyclohexanone with m-
chloroperoxybenzoic acid.  This was followed by a ring opening polymerization in the 
presence of Sn(Oct)2 to provide poly(6-allyl P-caprolactone).  This polymer was further 
functionalized by bromination, epoxidation and hydrosilylation to provide various 
functionalized poly(caprolactone)s in 90% yield.  The molecular weight of the polymer was 
reduced from 15 to 12 x 103 g/mol after bromination.  No degradation was reported for 
epoxidation and hydrosilylation reactions. 
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In the following chapters, the functionalized monomer approach is used to prepare 
functionalized diene-based materials.  Synthesis of a wide variety of functionalized diene 
monomers is described.  Polymerizations via free radical and anionic techniques are 
discussed and the potential applications of the materials as gene delivery vectors are 
investigated. 
 
1.2  Amine Functionalized Polymers as Gene Delivery Vectors 
Gene therapy is a technique to deliver therapeutic genes into cells to prevent or treat 
disease.  Generally, nucleic acids cannot be efficiently delivered into the cells directly due to 
15
their large size and instability under physiological conditions.  A delivery vehicle, which is 
called a gene delivery vector, is needed to condense the DNA and protect it from degradation 
by nucleases.  There are two types of gene delivery vectors – viral vectors and non-viral 
vectors.  The most widely used viral vectors are retroviruses and adenoviruses.  They usually 
have high transfection efficiency, but the potential oncogenicity and immunogenicity largely 
limit their utilization.38 Non-viral vectors, which are typically polycations, have fewer safety 
risks compared to viral vectors.  They are capable of carrying large DNA molecules, can be 
produced in large quantities and can be tailored to meet specific therapeutic needs.39 
However, they usually have low transfection efficiency due to accumulation and fast 
clearance from the blood stream.  Due to the electrostatic interactions between the positively 
charged groups in the polymers and the phosphate groups in DNA, DNA will bind with these 
polymers and form condensed particles that cells can uptake.  This protects DNA from 
degradation by nucleases.   
Currently, the most widely used transfection agent is polyethylenimine40 (PEI).  PEI 
is the most effective polymeric transfection agent known.  It is available in the linear and 
branched forms in a large range of molecular weights (2 to 800 x 103 g/mol).  The most 
commonly used weight average molecular weights are 25 and 800 x 103 g/mol.  PEI has 
primary, secondary and tertiary amine groups, allowing it to possess a buffer capacity over a 
wide pH range.  This property is beneficial and helps mediate vesicular escape by the “proton 
sponge” mechanism.  The pH value of early endosomes is approximately 6.0.  The amine 
groups of PEI will be protonated and become positively charged in this acidic environment.  
To make the overall charge neutral, chloride will influx to the endosome, leading to breakage 
and the release of the gene delivery vectors.  This endosomal escape mechanism helps to 
16
reduce the delivery vectors endocytosis.  In spite of the high transfection efficiency, the 
utilization of PEI has been limited due to relatively high cytotoxicity attributed to the large 
amounts of positive charge. 
The other widely used transfection agent is poly(L-lysine)41 (PLL). PLL is also 
available in a range of molecular weights.  The most commonly used weight average 
molecular weight is approximately 25 x 103 g/mol. It has high transfection efficiency in vitro.
However, its in vivo applications are limited due to the size, solubility and stability issues, 
resulting in lower transfection efficiency.  It also has moderate to high cytotoxicity.  Figure 
1-5 shows the structures of PEI and PLL.  
To address the problem with high cytotoxicity due to high positive charge, block 
copolymers composed of polycations and poly(ethylene glycol) (PEG) have been employed 
to deliver DNA into cells.42, 43 PEG is widely used in biomedical applications due to its 
biocompatibility and hydrophilicity.  Moreover, it has been found that PEG can greatly 
reduce the interactions between the particles and cell tissues, and is often referred to as a 
stealth material. 
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Figure 1-5.  Structures of PEI and PLL 
 
1.3  Dissertation Organization 
This dissertation is organized into three chapters. The first chapter is the general 
introduction to functionalized materials and gene therapy.  Three approaches, post-
polymerization, end-functionalization and polymerization of functionalized monomers, are 
discussed.  The basic concept of gene delivery is introduced.  The second chapter describes 
the synthesis and characterization of a wide variety of functionalized diene compounds and 
the free radical polymerization of the amine derivatives.  Effects of both solvents and 
initiators on the results of the polymerization are discussed.  The last chapter describes the 
anionic polymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadienes and discusses their 
potential application as gene delivery vectors. Each chapter is written in the style of a journal 
paper with its own supplemental materials.  
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CHAPTER 2.  SYNTHESIS OF DISUBSTITUTED DIENE-BASED POLYMERS 
 
2.1  Abstract 
A series of disubstituted functionalized dienes have been synthesized and 
polymerizations have been attempted.  Among these, 2,3-bis(dimethylaminomethyl)-1,3-
butadiene was of the most interest and proved to have the greatest potential to be 
polymerized.  Poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene]s were successfully 
synthesized by bulk and solution free radical polymerization techniques.  All polymers have 
exclusively 1,4-microstructure.  The number average molecular weights of the polymers 
obtained were in the range of 30-45 x 103 g/mol using 2,2'-azobisisobutyronitrile (AIBN), t-
butyl peracetate (t-BPA), or t-butyl hydroperoxide (t-BHP) as the initiators.  The highest 
molecular weight achieved was 72 x 103 g/mol when t-butyl peroxide (t-BPO) was used as 
the initiator.  Quaternization of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene]s was 
achieved in quantitative yields.  Poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene]s are 
hydrophobic and dissolve in most organic solvents.  After quaternization the polymers 
become hydrophilic and only dissolve in water. 
 
2.2  Introduction 
 
There has been considerable interest in incorporating functional groups into diene-
based polymers because of their commercial importance and wide range of applications.  The 
annual production of polydienes in the United States is over four billion pounds of elastomers 
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and approximately 2 billion pounds of plastics.1 Styrene-butadiene rubber (SBR), nitrile 
rubber (NBR) and acrylonitrile-butadiene-styrene rubber (ABS) are widely used in 
automotive products, belting, hose, flooring, electrical insulation, and housewares. 
Functional groups that have been incorporated into the polydienes include silyl, 
phenyl, nitrile, ester, amine and amide groups.2-10 The Sheares group began devoting its 
effort to the investigation of functionalized diene-based polymers in 1998.  A number of 
functional groups such as nitriles, amines and esters were incorporated into the polymers.5-7, 9, 
11 The nitrile groups were chosen because they are able to add oil resistance properties to the 
materials.  Poly(2-cyanomethyl-1,3-butadiene)s were synthesized using traditional bulk and 
solution free radical polymerization techniques.  The glass transition temperature of the 
homopolymer was -18 °C.  The highest molecular weight obtained was 87 x 103 g/mol using 
benzoyl peroxide (BPO) as the initiator.  The polymers prepared mainly had 4,1-
microstructure (95%).  A small amount of 4,3-microstructure was observed and no 1,2-
microstructure was observed.  The homopolymers were not completely soluble in chloroform.  
In order to incorporate functionality into SBR and NBR, 2-cyanomethyl-1,3-butadiene was 
copolymerized with styrene and acrylonitrile via solution free radical polymerization.  The 
nitrile functionalized monomer had higher reactivity compared to styrene or acrylonitrile.  
All copolymers had only one glass transition temperature, indicating the formation of a 
random copolymer.  The glass transition temperatures of the copolymers depended on the 
composition of the copolymer.  The higher the content of 2-cyanomethyl-1,3-butadiene, the 
lower the glass transition temperature.  The solubility of the copolymers could be fine tuned 
by adjusting the feed ratio of the comonomers. 
23
Poly[2,3-bis(cyanopropyl)-1,3-butadiene] was prepared via free radical 
polymerization techniques using AIBN as the initiator.12 The monomer was very reactive 
and had a high potential to form crosslinked materials.  Bulk free radical polymerization 
resulted in polymers with a molecular weight of 8.6 x 103 g/mol and PDI of 1.59 after one 
hour. The molecular weight increased to 15.5 x 103 g/mol after two hours, but the PDI 
increased to 2.36.  Completely crosslinked materials were formed after 6 hours.  The glass 
transition temperature of the uncrosslinked polymer was 13 °C. 
Amine groups were incorporated into the polymers due to their adhesive properties.  
The Sheares group has studied the polymerization of 2-[(N,N-dialkylamino)methyl]-1,3-
butadiene with methyl, ethyl and n-propyl substituents via free radical polymerization.9 The 
polymers obtained had molecular weights ranging from 7 to 42 x 103 g/mol with 
polydispersities of 1.5 to 2.0.  The glass transition temperatures for dimethyl, diethyl and 
dipropyl polymers were in the range of -34 to -50 ºC.  Later, homopolymers and copolymers 
made from an unsymmetrical monomer, 2-[(N-benzyl-N-methylamino)methyl]-1,3-butadiene, 
were prepared.11 Due to the similarity in structure, these polymers have high compatibility 
with polystyrene, polyisoprene and polybutadiene.  Therefore, these materials have the 
potential to be used in the modification of commercially available materials such as styrene 
butadiene rubber, either as a third comonomer or as a polar additive.  The homopolymer of 2-
[(N-benzyl-N-methylamino)methyl]-1,3-butadiene had a glass transition temperature at -11 
°C.  The investigation of the copolymerization showed that 2-[(N-benzyl-N-
methylamino)methyl]-1,3-butadiene had higher reactivity compared to styrene.  Similar to 
the observation made in the nitrile functionalized polymers, poly(2-[(N,N-
dialkylamino)methyl]-1,3-butadiene)s and poly(2-[(N-benzyl-N-methylamino)-methyl]-1,3-
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butadiene)s were mainly composed of 4,1-microstructure, and no 1,2-microstructure was 
obtained.   
The ester group was chosen because of its polarity and ease of modification to many 
other groups such as acid, amide, or alcohol.  Poly[2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] were synthesized using AIBN, t-BPA, or t-BHP as the initiator.7 Molecular 
weights were in the range of 14-81 x 103 g/mol with polydispersities greater than 2.0.  
Poly[2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene] was hydrolyzed to give a carboxylic acid 
functionalized polymer that was water soluble.  The glass transition temperature increased 
from -37 °C to 67 °C after hydrolysis due to the strong hydrogen-bonding of the carboxylic 
acid groups.  Copolymerization of 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene and styrene 
was also studied to make ester functionalized SBR.  Styrene was found to have higher 
reactivity than the diester diene.  
The initial success in incorporating functional groups into diene-based polymers led 
to the expansion of the list of functionalized monomers.  We are especially interested in 
making disubstituted monomers because the functionality can be doubled without increasing 
the degree of polymerization.  Herein, the synthesis of a wide variety of disubstituted dienes 
is described.  Among these monomers, the amine-functionalized diene monomers are of the 
most interest due to their chemical and structural versatility.  Moreover, ionomers and 
polyelectrolytes can be obtained by partially or completely quaternizing the amine 
functionalized polymers.  These types of materials have a wide range of applications in waste 
water treatment,13 ion exchange resins,14 phase transfer catalysis,15 chemical sensors,16 and 
biomedical applications such as drug delivery and gene delivery.17-19 The synthesis and 
polymerization of 2,3-bis(dimethylaminomethyl)-1,3-butadiene are described in this chapter. 
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2.3  Experimental 
 
Materials.  All reagents were purchased from Aldrich.  AIBN was recrystallized 
from methanol.  Benzoyl peroxide was recrystallized from diethyl ether and 2,3-dimethyl-
1,3-butadiene  was freshly distilled before each reaction.  Solvents for solution 
polymerization were dried over sodium and distilled before use.  All other reagents were 
used without further purification. 
 
Characterization.   NMR spectra were obtained on a Varian VXR-300 in deuterated 
chloroform.  Molecular weights were determined using a Waters gel permeation 
chromatography using polystyrene standards.  Thermogravimetric analysis (TGA) was 
performed using a Perkin-Elmer thermogravimetric analyzer with a heating rate of 10 ºC/min 
in a N2 atmosphere.  Glass transition temperatures were determined with a Perkin-Elmer 
Pyris differential scanning calorimeter, using a heating rate and cooling rate of 10 °C/min.  
Elemental analysis was performed by Atlantic Microlab, Inc. 
 
Synthesis of 2,3-bis(chloromethyl)-1,3-butadiene.20 CuCl2 (67.5 g, 0.5 mol), PdCl2
(0.22 g, 1.25 x 10-3 mol) and 200 mL of freshly distilled acetonitrile solution were added to a 
flask with a Teflon stopper under an argon purge.  Allene (10 g, 0.25 mol) was introduced 
and the reaction was stirred for 16 h at room temperature.  The resulting black solution was 
poured into 200 mL of diethyl ether.  The precipitate was removed by filtration.  The filtrate 
was evaporated to about 50 mL, and diluted with diethyl ether (200 mL).  The insoluble 
compound was removed by filtration.  Evaporation of the solvent provided a brown solution, 
which was passed through a silica gel column.  Large amounts of pentane were used to wash 
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the column several times.  The solvent fractions were combined together and evaporated to 
yield a white crystalline compound with a yield of 88%.  1H NMR (300 MHz, CDCl3): W 5.49 
(s, 2H), 5.48 (s, 2H), 4.27 (s, 4H). 
 
Synthesis of 2,3-bis(piperidylmethyl)-1,3-butadiene (I).  2,3-bis(chloromethyl)-1,3-
butadiene (12.66g, 0.084 mol) was dissolved in 100 mL diethyl ether.  This solution was 
added dropwise to piperidine (42.76 g, 0.504 mol) while stirring.  After stirring for 16 h, 1 M 
sodium hydroxide solution was added to the reaction mixture until all the white salts were 
dissolved.  The reaction mixture was then extracted with diethyl ether three times, washed 
with brine once and dried over magnesium sulfate for 30 min.  After careful evaporation of 
the solvent, white crystals of I were obtained with a yield of 59%.  1H NMR (300 MHz, 
CDCl3): W 5.28 (s, 2H), 5.05 (s, 2H), 3.05 (s, 4H), 2.31 (b, 8H), 1.52 (m, 8H), 1.40 (m, 4H). 
13C NMR (300 MHz, CDCl3): W 145.04 (CH2C=CCH2), 114.57 (CH2C=CCH2), 63.26 and 
54.91(CH2N), 47.50 (NCH2CH2CH2), 26.23 (NCH2CH2CH2), 24.74 (NCH2CH2CH2).  High 
resolution mass spectrometry: Theoretical: m/z = 248.22525.  Found: m/z = 248.22566. 
 
Synthesis of tetrakis(bromomethyl)ethylene (II).21 Bromine (48 g, 0.30 mol) was 
added dropwise to a solution of 2,3-dimethyl-1,3-butadiene (25 g, 0.30 mol) in chloroform at 
0 °C. N-bromosuccinimide (108 g, 0.60 mol) and BPO (2.45 g) were added to the reaction 
mixture after the addition of bromine.  After refluxing the reaction mixture for 12 h, the 
solvent was evaporated and crystals of II and succinimide were obtained by filtration.  
Washing the crystals with large amounts of water yielded 82 g of crude product II. Yield 
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was 68%.  1H NMR (300 MHz, CDCl3): W 4.15 (s, 8H).  13C NMR (300 MHz, CDCl3): W
137.11 (C=C), 27.82 (CH2Br). 
 
Preparation of zinc-copper couple.22 To a sintered glass funnel was placed 20 g of 
zinc dust.  The zinc dust was stirrred with and filtered from the following: 20 mL of 3% 
hydrochloric acid solution four times, 50 mL of water three times, 40 mL of 2% copper 
sulfate solution twice, 50 mL of water three times and 50 mL of diethyl ether twice.  The 
resulting zinc-copper couple was dried under vacuum for 24 h before use. 
 
Synthesis of 2,3-bis(bromomethyl)-1,3-butadiene (III).23 Compound II (24 g) was 
refluxed in diethyl ether (250 mL) and DMPU (40 mL) with zinc-copper couple (12 g) for 20 
min.  An additional 4.8 g of zinc-copper couple was added every other hour.  After refluxing 
for 7 h, the reaction mixture was filtered through Celite and most of the solvent was 
evaporated.  The residue was dissolved in pentane, washed three times with water and once 
with saturated sodium chloride.  Evaporation of the solvent yielded white crystalline product 
III. 1H NMR (300 MHz, CDCl3): W 5.54 (s, 2H), 5.51 (s, 2H), 4.17 (s, 4H). 
 
Synthesis of 2,3-bis(methoxymethyl)-1,3-butadiene (IV).23 The crude product of 
III (24 g, 0.1 mol) was dissolved in 400 mL methanol.  To this solution was added a solution 
of sodium methoxide (prepared from 10.8 g sodium methoxide and 100 mL methanol).  After 
refluxing for 30 min, water was added to the reaction mixture.  The reaction mixture was 
then extracted with diethyl ether three times, washed with water once and saturated sodium 
chloride once.  The solvent was evaporated and a fractional distillation afforded a colorless 
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liquid IV with a yield of 56%.  1H NMR (300 MHz, CDCl3): W 5.27 (s, 2H), 5.20 (s, 2H), 
4.06 (s, 4H), 3.28 (s, 6H).  13C NMR (300 MHz, CDCl3): W 141.70 (CH2C=CCH2), 114.59 
(CH2=CCH2), 74.07 (CH2OCH3), 57.54 (OCH3).  High resolution mass spectrometry: 
Theoretical: m/z = 142.09938.  Found: m/z = 142.09968. 
 
Synthesis of 2,3-bis(azidomethyl)-1,3-butadiene (V).23 The crude product of III 
(48 g, 0.2 mol) was dissolved in 300 mL ethanol.  To this solution was added a solution of 
sodium azide (prepared from 26 g sodium azide and 50 mL water).  The reaction mixture was 
refluxed for 20 min, then extracted with diethyl ether three times, washed with water three 
times and saturated sodium chloride once.  After drying over magnesium sulfate for 30 min, 
the solvent was evaporated and a colorless liquid V was obtained.  Due to its extremely 
reactive nature, it was used without further purification.  1H NMR (300 MHz, CDCl3): W 5.44
(s, 2H), 5.38 (s, 2H), 4.00 (s, 4H). 
 
Synthesis of 2,3-bis(aminomethyl)-1,3-butadiene (VI).23 To a solution of dry 
diethyl ether was added the crude product of V (10 g, 0.06 mol).  Lithium aluminum hydride 
(6.95 g, 0.18 mol) was slowly added to the solution at 0 °C.  The reaction mixture was stirred 
for 16 h.  To this reaction mixture was added 10 mL of water, 10 mL of 1 M sodium 
hydroxide solution and 30 mL of water until all excess lithium aluminum hydride was 
decomposed.  The mixture was filtered to remove the white salts and clear crystals of 
compound VI were formed out of the cooled liquid in the filter flask.  The crystals were 
collected by filtration and dried under vacuum for 24 h.  The overall yield was 10%.  1H
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NMR (300 MHz, CDCl3): W 5.15 (s, 2H), 5.12 (s, 2H), 3.48 (s, 4H).  High resolution mass 
spectrometry: Theoretical: m/z = 112.10005.  Found: m/z = 112.10035. 
 
Synthesis of 2,3-bis(cyanomethyl)-1,3-butadiene (VII).23 An attempt to synthesize 
2,3-bis(cyanomethyl)-1,3-butadiene was performed by adding a solution of crude product III 
in DMPU (prepared from 12 g III and 50 mL DMPU) to a solution of sodium cyanide 
(prepared from 7.35 g sodium cyanide in 100 mL water).  A black solid that was insoluble in 
any organic solvent or water was obtained after stirring for 1 h.  
 
Synthesis of 2-bromo-3-(N,N-dimethylamino)propene (VIII).  To a solution of 
dimethylamine (45g, 1 mol) in ether was added 2,3-dibromopropene (100 g, 0.5 mol) 
dropwise at 0 °C.  The reaction mixture was allowed to slowly warm to room temperature 
and stirred for 16 h.  The solution was extracted twice with diethyl ether, washed once with 
brine, and dried over anhydrous sodium sulfate.  After evaporation of the solvent, the residue 
was distilled to give 2-bromo-3-(N,N-dimethylamino)propene in quantitative yield.  1H NMR 
(300 MHz, CDCl3): W 5.79 (s, 1H), 5.56 (s, 1H), 3.09 (s, 2H), 2.26 (s, 6H). 13C NMR (300 
MHz, CDCl3): W 131.60 (CH2=CBrCH2), 119.12 (CH2=CBrCH2), 68.20 (CH2N), 45.14 
[N(CH3)2]. 
 
Synthesis of 2,3-bis(dimethylaminomethyl)-1,3-butadiene (IX).24   A Grignard 
reagent, readily prepared from VIII (32.8 g, 0.20 mol) and magnesium (5.76 g, 0.24 mol), 
was added dropwise to VIII (32.8 g, 0.20 mol) in the presence of dichloro[1,3-
bis(diphenylphosphino)propane]nickel in THF at 0 °C.  The reaction mixture was allowed to 
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slowly warm to room temperature.  After refluxing for 4 h, the reaction mixture was 
quenched with saturated sodium chloride, extracted with diethyl ether 3 times, washed once 
with brine, and dried over anhydrous sodium sulfate.  After evaporation of the solvent, the 
residue was distilled to give 2,3-bis(dimethylaminomethyl)-1,3-butadiene in 30% yield. 1H
NMR (300 MHz, CDCl3): W 5.29 (s, 2H), 5.06 (s, 2H), 3.03 (s, 4H), 2.18 (s, 12H).  13C NMR 
(300 MHz, CDCl3): W 143.54 (CH2C=CCH2), 113.35 (CH2=CCH2), 62.21 (CH2N), 43.27 
[N(CH3)2].  Elem. Anal.  Calcd.: C, 71.37%;  H, 11.98%;  N, 16.65%.  Found: C, 71.46%;  H, 
12.22%;  N, 16.35%. 
 
Bulk and solution polymerization of 2,3-bis(dimethylaminomethyl)-1,3-
butadiene (IX).  The following general procedure was used for all polymerizations.  
Monomer IX, initiator and solvent were added to an ampoule with a magnetic stir bar.  After 
three cycles of freeze-pump-thaw, the ampoule was sealed under vacuum and placed in an oil 
bath preheated to the desired temperature.  After the required polymerization time, the 
reaction was stopped by adding 1 mg of the inhibitor 2,6-di-tert-butyl-4-methylphenol.  1H
NMR was taken for a small sample of the reaction mixture immediately after the 
polymerization and the conversion was calculated based on the integration ratio of the 
characteristic polymer peak at 2.92 ppm to the remaining monomer vinylic peak at 5.29 and 
5.06 ppm.  The polymer was precipitated twice in acetone and dried under vacuum for 48 h.  
1H NMR (300 MHz, CDCl3): W 2.92 (s, 4H), 2.05-2.30 [b, 16H, 12 from N(CH3)2, 4 from 
polymer backbone].  13C NMR (300 MHz, CDCl3): W 135.56 (CH2C=CCH2), 60.01and 59.03 
(CH2N), 45.53 [N(CH3)2], 30.08 (CH2CCH2N).  Elem. Anal.  Calcd.: C, 71.37%;  H, 11.98%;  
N, 16.65%.  Found: C, 70.85%;  H, 12.08%;  N, 16.47%. 
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Quaternization.   0.10 g polymer was dissolved in 3 mL methanol.  Dimethyl sulfate 
(1.3 to 1 mole ratio of dimethyl sulfate to amine moiety) was added and the reaction was 
allowed to stir at room temperature for 3 h.  The resulting white precipitate was collected and 
dried under vacuum for 48 h. 
 
2.4  Results and Discussion 
Synthesis of monomers.  Two new monomers with amine functionalities, 2,3-
bis(piperidylmethyl)-1,3-butadiene and 2,3-bis(aminomethyl)-1,3-butadiene, were 
synthesized as amine groups can increase the adhesive properties of the resulting materials.  
In addition, the primary amine is able to react with many other compounds such as 
carboxylic acids and isocyanates and lead to other functional materials.  The piperidyl group 
was chosen because of its bulkiness, and thus the polymer formed will likely have 
exclusively trans-1,4 microstructure.  The nitrile functionality was chosen because it is able 
to add oil resistance properties to the materials.5, 6 The nitrile groups can also be converted to 
other groups such as carboxylic acids and amines.  Moreover, the disubstituted piperidyl and 
nitrile functionalized dienes were synthesized in order to compare their properties to their 
monosubstituted analogous synthesized previously in the Sheares group.  In addition to 
amines and nitriles, we are also interested in making diene based polymers with other polar 
groups such as ethers for bioapplications.  For example, the methoxy group can increase the 
protein resistance properties of the resulting material. 
Since all the monomers of interest have similar structures, a common precursor was 
desired. Allene was treated with copper chloride in the presence of catalytic palladium 
chloride to afford a dichloro precursor, 2,3-bis(chloromethyl)-1,3-butadiene.  A subsequent 
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reaction of the resulting precursor with piperidine provided 2,3-bis(piperidylmethyl)-1,3-
butadiene (I) (Scheme 2-1). 
Scheme 2-1.  Synthesis of 2,3-bis(piperidylmethyl)-1,3-butadiene (I)
Cl Cl0.5% PdCl2
CuCl2
CH3CN
H2C C CH2
Cl Cl
NH
NNEt2O+
I
Even though the monomers can be synthesized using the dichloro precursor, a 
dibromo precursor was desired as bromide is a better leaving group than chloride.  Previously 
in the Sheares group, 2-bromomethyl-1,3-butadiene (X) was synthesized by a three step 
process. First isoprene was reacted with sulfur dioxide (Scheme 2-2, step 1).  The resulting 
product was then brominated by NBS (Scheme 2-2, step 2).  Heating at 170 °C released the 
sulfur dioxide and provided precursor X in 20% yield (Scheme 2-2, step 3).  Attempts to 
produce the 2,3-bis(bromomethyl)-1,3-butadiene precursor III by this route were made as 
illustrated in Scheme 2-3. Step 1 and step 2 were successfully completed.  The reaction 
conditions in step 3 required heating at 170 °C, which was too harsh for making compound 
III. Unlike precursor X, which is a liquid and is stable at room temperature for up to several 
hours, precursor III is an unstable solid and polymerizes immediately after it has been made. 
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Scheme 2-2. Synthesis of 2-bromomethyl-1,3-butadiene (X)
SO2
MeOH+
85 °C S
O O
S
O O
NBS, BPO
CHCl3, 75 °C S
O O
Br
S
O O
Br
170 °C Br
Step 1
Step 2
Step 3
X
Scheme 2-3. Synthesis of 2,3-bis(bromomethyl)-1,3-butadiene by sulfonation method (III)
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A new synthetic route was used to prepare the dibromo precursor III as illustrated in 
Scheme 2-4.  First, 2,3-dimethyl-1,3-butadiene was brominated to give 2,3-bis(bromo-
methyl)-2-butene in nearly quantitative yield.  This was followed by another bromination 
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reaction using NBS to provide tetrakis(bromomethyl)ethylene (II).  The second step is highly 
exothermic and the reaction temperature has to be carefully controlled to avoid overheating.  
A subsequent debromination reaction of II using zinc-copper couple yielded 2,3-
bis(bromomethyl)-1,3-butadiene (III).  Unlike its chloride counterpart, which is relatively 
stable and can be stored in the freezer for up to a month, the dibromo precursor III 
polymerizes very fast at room temperature and therefore had to be used immediately after it 
was made without further purification.  However, the advantage of using the dibromo instead 
of the dichloro precursor is that the dibromo precursor III was much more efficient.  It was 
expected that an SN2 reaction between compound III and the chosen nucleophiles would 
result in the corresponding functionalized butadienes (Scheme 2-5).  Compound IV was 
successfully synthesized in an overall yield of 56% with a high purity (100% by GC-MS).  
Compound V was very reactive and formed crosslinked materials even at room temperature.  
Therefore, it was used without further purification to make monomer VI. The overall yield 
of VI was only 10% due to the unstable nature of V.
Scheme 2-4.  Synthesis of 2,3-bis(bromomethyl)-1,3-butadiene (III)
Br2
BrBr
BrBr
NBS Br
Br Br
BrBPO
CHCl3
BrBrBr Br
Br Br
Zn/Cu
DMPU
Et2O
II
III
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Scheme 2-5.  Synthesis of functionalized dienes 
Br Br CH3OH H3CO OCH3
IV
Br Br NaN3
EtOH-H2O
N3 N3 H2N NH2
V VI
Br Br NaCN
DMPU-H2O
NC CN
VII
Et2O
LiAlH4
Attempts to synthesize compound VII were unsuccessful because of its high 
reactivity towards polymerization and crosslinking.  Other nitrile functionalized dienes, 2-
cyanomethyl-1,3-butadiene (XI)5, 6 and 2,3-bis(cyanopropyl)-1,3-butadiene (XII)12, also 
showed high tendency towards crosslinking.  Their structures are illustrated in Figure 2-1.  
Homopolymers of monomer XI were synthesized with molecular weights ranging from 20-
62 x 103 g/mol.  Crosslinked polymers were obtained when the reaction time exceeded 3 
hours using AIBN as the initiator at 75 °C.  Bulk free radical polymerization of monomer 
XII resulted in polymers with molecular weight less than 15 x 103 g/mol and the highest 
yield obtained was only 14% after 2 hours due to undesired crosslinking.  Extension of the 
polymerization time resulted in completely crosslinked materials.     
The high reactivity of these monomers towards crosslinking is due to the nature of the 
diene radicals and the nitrile groups.  The diene radicals are nucleophilic and prefer electron-
poor addition or abstraction sites.  The nitrile group is a strong electron-withdrawing group, 
which renders C5 and C6 (Figure 2-1) to be electron-poor sites.  In addition to abstraction of 
protons on the double bonds, the radicals are also able to abstract a hydrogen atom on C5 or 
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C6 position, leading to crosslinked polymers.  Compared to compound XI that has only one 
nitrile group, compound VII has two nitrile groups and thus has more reactive sites for 
hydrogen abstraction.  Moreover, unlike compound XII which has three methylene groups 
between the nitrile group and the butadienyl skeleton, compound VII only has one methylene 
group.  As such, the double bond can also help stabilize the radical formed by hydrogen 
abstraction.  Therefore, compound VII has the highest tendency to crosslink among the three 
compounds.   
 
CNNC
CNNC
1
23
4
56 CN
XI XIIVII
Figure 2-1. Structures of nitrile functionalized monomers 
 
When attempts were made to synthesize 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
(IX) by reacting dimethyl amine with the dibromo precursor (Scheme 2-6), it was found that 
during the work up process, the product obtained by this method remained in the aqueous 
layer, and could not be extracted to the organic layer.  In addition, the 1H NMR gave an 
integration of 2:2:3 instead of the theoretical integration of 1:1:3.  It was determined that 
instead of giving the desired product IX, this approach yielded a five-membered cyclic ring 
as illustrated in Scheme 2-6.  Since the product was an ionic salt, it was soluble in the 
aqueous phase.  This five-membered cyclic ring was extremely unstable and polymerized to 
give a tacky, soft material at room temperature.  Diethyl amine, n-dipropyl amine and n-
dibutyl amine have all been used in this approach and cyclic rings were obtained in all cases. 
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Scheme 2-6.  Synthesis of 2,3-bis(dimethylaminomethyl)-1,3-butadiene by SN2 chemistry 
Br Br Me2NH NN+
IX
Br Br Me2NH+
N
x
Through a different approach, monomer IX was successfully synthesized (Scheme 2-
7).  An SN2 reaction followed by a nickel-catalyzed Grignard homocoupling reaction gave 
the desired monomer with high purity (100% purity by GC-MS).  Figure 2-2 shows the 1H
NMR spectrum of monomer IX. Attempts to prepare other amine functionalized butadienes 
by this approach using diethyl amine, n-dipropyl amine and diisopropyl amine were made.  
But once the side group is larger than a methyl group, the nickel coupling reaction does not 
proceed, likely due to steric problems. 
 
Scheme 2-7.  Synthesis of 2,3-bis(dimethylaminomethyl)-1,3-butadiene by nickel coupling 
chemistry 
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Br
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Figure 2-2.  1H NMR spectrum of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
 
Free radical polymerization of diene-based monomers. Polymerizations of 2,3-
bis(piperidylmethyl)-1,3-butadiene were carried out using AIBN and BPO as the initiator.  
The conversion was low (less than 20%) and the highest molecular weight achieved was 5 x 
103 g/mol, likely due to the bulkiness of the piperidyl group.  
In the bulk free radical polymerization of 2,3-bis(methoxymethyl)-1,3-butadiene, 
AIBN, t-BPA, t-BHP, or BPO was used as the initiator at 70 °C, 125 °C, 175 °C or 100 °C, 
respectively.  The reaction temperatures were chosen according to the half-life of each 
initiator.  Neither polymer nor side products were obtained in any case even after 48 h.  One 
possible explanation is that the diene radicals are nucleophilic and prefer electron-poor 
monomers, while the methoxy group is electron-donating, making this monomer unreactive 
towards free radical polymerization.  
Polymerizations of 2,3-bis(aminomethyl)-1,3-butadiene were carried out using AIBN, 
t-BPA or t-BHP as the initiator at 70 °C, 125 °C or 175 °C, respectively, according to the half 
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life of the initiators.  The highest conversion obtained was 20%.  The polymer was insoluble 
in common solvents and was not characterized further. 
 
Free radical polymerization of 2,3-bis(dimethylaminomethyl)-1,3-butadiene. 
Among all the monomers synthesized, 2,3-bis(dimethylaminomethyl)-1,3-butadiene gave the 
best polymerization results.  Different initiators were chosen in order to find the optimal 
polymerization conditions.  The reaction temperature was chosen according to the half life of 
the initiators with complete decomposition after approximately 24 h.  Figure 2-3 shows a 
typical 1H NMR spectrum of the homopolymer.  No vinylic peak was observed in the range 
of 5.0-6.0 ppm, indicating that all polymers were exclusively composed of 1,4-microstructure.  
The conversion from monomer to polymer generally increased as the reaction temperature 
was increased.  Polymers with molecular weights in the range of 30-52 × 103 g/mol were 
synthesized as shown in Table 2-1.  After reprecipitation, the polydispersity for the polymers 
was in the range of 1.2 to 1.5.  Generally, no crosslinking or side reactions were observed 
when the reaction was carried out below 175 °C. 
 
Figure 2-3.  1H NMR spectrum of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
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Table 2-1.  Bulk free radical polymerization of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
Initiator 
(0.5%) 
Temp. 
(°C) 
Time 
(h) 
Conv.a
(%) 
<Mn>b
(×10-3 g/mol) PDI
b
AIBN 70 24 19 27.8 1.26 
AIBN 70 48 26 32.4 1.30 
t-BPA 105 24 44 52.5 1.53 
t-BHP 175 24 55 33.2 1.47 
a Conversion, determined by 1H NMR,  b Determined by GPC 
 
NMe2Me2N
Me2N
NMe2
NR2
NR2
NR2
R2N
(a) (b) (c)  
Figure 2-4.  Structures of Diels-Alder dimers 
 
When the reaction was initiated using t-BHP at 175 °C, a Diels-Alder dimer side 
product was obtained (Figure 2-4a).  1H NMR showed vinylic peaks at 5.2 ppm and 5.0 ppm 
in a 1:1 ratio.  In previous studies, Diels-Alder side products (Figure 2-4b, 2-4c) were 
obtained in the free radical polymerization of 2-(N,N-dialkylamino)methyl-1,3-butadiene at 
temperatures as low as 75 °C.9 In the polymerization of 2,3-bis(dimethylaminomethyl)-1,3-
butadiene, the temperature at which the side reaction occurred was 100 °C higher.  This is 
likely because the disubstituted monomer has much larger steric hindrance than the 
monosubstituted monomer, making it harder for the Diels-Alder reaction to occur. 
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Table 2-2.  Bulk free radical polymerization using t-BPO as initiator at 130 °C 
Initiator 
ratio 
Time 
(h) 
Conv.a
(%) 
<Mn>b
(×10-3 g/mol) PDI
b
0.5% 24 19 71.6 1.38 
0.5% 48 30 71.7 1.52 
1% 48 42 58.3 1.51 
none 24 0 - - 
a Conversion, determined by 1H NMR,  b Determined by GPC 
 
The preliminary polymerization study showed that the conversion increased as the 
reaction temperature increased.  However, side products were obtained when the reaction 
temperature was as high as 175 °C.  To achieve higher conversion without producing any 
side products, polymerization reactions were carried out at 130 °C using t-BPO as the 
initiator.  Table 2-2 summarizes the reaction conditions and the results.  Although no side 
products were observed, higher conversion was not achieved.  The conversion from 
monomer to polymer was only 19% after 24 h.  Nonetheless, polymers of the highest 
molecular weight were obtained (72 × 103 g/mol) using this initiator.  Increasing the reaction 
time from 24 h to 48 h resulted in an increase of the conversion from 19% to 30% without 
increasing the molecular weight.  An increase in the initiator concentration from 0.5% to 1% 
increased the conversion from 30% to 42% after 48 h, but with a molecular weight decrease 
to 58 × 103 g/mol.  When the monomer was stirred at 130 °C in the absence of initiators, no 
polymer was obtained after 24 h, indicating that no thermal polymerization occured. 
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Table 2-3.  Solution free radical polymerization using t-BPO as initiator at 130 °C 
monomer:THF 
(v:v) 
Time 
(h) 
Conv.a
(%) 
<Mn>b
(×10-3 g/mol) PDI
b
1:1 24 46 33.1 1.62 
2:1 24 64 43.7 1.55 
4:1 24 71 NA NA 
1:1 48 60 35.4 1.74 
2:1 48 79 NA NA 
4:1 48 82 NA NA 
a Conversion, determined by 1H NMR,  b Determined by GPC 
 
After the study of bulk reactions, solution free radical polymerizations were 
investigated.  Interesting results were obtained when polymerization reactions were carried 
out in solution using t-BPO as the initiator at 130 °C.  Table 2-3 summarizes the results when 
THF was used as the solvent.  It was found that adding small amounts of solvent to the 
reaction system greatly increased the conversion, from 19% in bulk to 71% when the 
monomer to THF ratio (v/v) was 4 to 1.  As the ratio of monomer to THF decreased from 4:1 
to 1:1, the conversion after 24 h decreased from 71% to 46%, and the conversion after 48 h 
decreased from 82% to 60%.  Conversion after 48 h was always slightly higher than 
conversion after 24 h.  In addition, the molecular weight reduced to about half of that 
obtained in bulk.  The polymer started to crosslink once the conversion reached 70%.  
Therefore, no GPC data was obtained for polymers prepared from reactions that achieved 
greater than 70% conversion. 
Generally, conversion for a typical solution free radical polymerization reaction is 
lower than that for bulk polymerization.  This is because when the polymerization is carried 
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out in solution, both the monomer concentration and the initiator concentration are much 
lower than that in a bulk reaction.  The unusual results of higher conversion in solution than 
in bulk obtained here are likely due to chain transfer reactions, which are illustrated in 
Scheme 2-8.  When using t-BPO as the initiator, the initiation rate constant ki is probably 
very small for steric reasons.  Therefore, in the bulk polymerization the conversion is very 
low (30% after 48 h), and the molecular weight is high (71.7 × 103 g/mol).  In solution, 
instead of reacting with a monomer, the initiator radical can abstract a hydrogen atom from 
the solvent, which results in a solvent radical.  This solvent radical can then initiate the 
polymerization reaction.  When the chains reach a certain length, chain transfer to solvent 
can happen again, which results in termination of the original polymer chain and produces 
new radicals that can reinitiate polymerization.  When kri is much greater than ki and ka
greater than kp, the conversion will largely increase and the molecular weight will decrease.  
Unlike in bulk polymerization, there are several different initiation and chain termination 
reactions in solution polymerization.  This also explains why the PDI was higher for 
polymers synthesized in solution than in bulk.  As the monomer to solvent ratio decreases, 
the effect of the chain transfer reaction leveled off.  As the monomer concentration decreases, 
the conversion decreases.   
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Scheme 2-8. Mechanism for solution polymerization using t-BPO as initiator at 130 °C 
I 2 R
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Several solvents with different chain transfer constants were used to test the effect 
of the chain transfer reaction (Table 2-4).  The conversions were all higher than in bulk 
reactions.  The results were similar no matter what solvent was used, likely because kri was 
so much greater than ki that the difference between the chain transfer constants for different 
solvents was negligible.  The conversion increased as the reaction time increased.  No 
autoacceleration was observed.  Molecular weights were in the range of 30-40 × 103 g/mol 
with polydispersities in the range of 1.5 to 1.8.   
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Table 2-4.  Solution radical polymerization using t-BPO as initiator at 130 °C, 
monomer:solvent (v/v) = 4:1 
 
Solvent Time (h) 
Conv.a
(%) 
<Mn>b
(×10-3 g/mol) PDI
b
THF 6 37 30.4 1.63 
THF 12 56 31.7 1.74 
THF 18 65 38.0 1.55 
THF 24 71 NA NA 
toluene 6 32 37.2 1.52 
toluene 12 47 34.9 1.50 
toluene 18 54 33.9 1.50 
toluene 24 67 28.9 1.56 
cyclohexane 6 42 37.6 1.62 
cyclohexane 12 56 39.4 1.58 
cyclohexane 18 62 33.5 1.60 
cyclohexane 24 67 29.5 1.79 
ethyl acetate 6 35 30.4 1.55 
ethyl acetate 12 56 31.1 1.65 
ethyl acetate 18 65 34.0 1.59 
ethyl acetate 24 70 37.1 1.52 
a Conversion, determined by 1H NMR,  b Determined by GPC 
 
Table 2-5 shows that the conversion from monomer to polymer decreased from 71% 
to 38% as the amount of t-BPO decreased from 0.5% to 0.1%, but the molecular weight did 
not increase as expected in traditional free radical polymerization.  Instead, the molecular 
weight remained unchanged.  This is likely due to the chain transfer reactions discussed 
above. 
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Table 2-5.  Solution radical polymerization using t-BPO as initiator at 130 °C for 24 h, 
monomer : THF (v/v) = 4:1 
 
t-BPO Conv.
a
(%) 
<Mn>b
(×10-3 g/mol) PDI
b
0.50% 71 38.0* 1.55 
0.25% 55 37.6 1.55 
0.10% 38 38.6 1.48 
a Conversion, determined by 1H NMR,  b Determined by GPC  
*After 24 h, the polymer was partially crosslinked and no GPC data was available.  
Molecular weight of a sample obtained after running the polymerization reaction for 18 h 
was used here for comparison. 
 
In order to investigate if the same unusual behavior exists when other initiators were 
used, solution polymerization was carried out using t-BPA as the initiator. The results 
showed that the reaction behavior follows the traditional free radical polymerization theory 
(Table 2-6).  This is probably because the initiation rate constant, ki, for t-BPA is not as small 
as that for t-BPO.  For t-BPA, ki is comparable to or greater than kri.
Table 2-6.  Free radical polymerization using t-BPA as initiator at 105 °C 
solvent Conv.
a
(%) 
<Mn>b
(×10-3 g/mol) PDI
b
monomer:cyclohexane 
(v/v) = 4:1 25 30.1 1.60 
none 44 52.5 1.53 
a Conversion, determined by 1H NMR,  b Determined by GPC 
 
Anionic polymerization of 2,3-bis(dimethylaminomethyl)-1,3-butadiene.  Anionic 
polymerization was attempted using sec-butyllithium as the initiator.  The reaction 
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temperature was 10 °C when toluene or cyclohexane was used as the solvent, and -78 °C 
when THF was used.  However, no polymer was obtained in all cases even after 48 h.  One 
possible explanation is that the two amine groups in the monomer or THF can strongly 
chelate to the lithium after the initiation as shown in Figure 2-5, preventing the addition of 
monomers. 
 
CH2Li
NMe2
s-Bu
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O
(b)
Me2N
CH2Li
NMe2
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Me2N
NMe2Me2N
Figure 2-5.  Chelate structure of 2,3-bis(dimethylaminomethyl)-1,3-butadiene and lithium 
 
Metathesis polymerization. Recently the Brookhart group discovered several nickel 
catalysts for the metathesis polymerization of functionalized diene-based monomers.  
Therefore, metathesis polymerizations of 2,3-bis(methoxymethyl)-1,3-butadiene and 2,3-
bis(dimethylaminomethyl)-1,3-butadiene were investigated using two nickel catalysts, A and 
B (Figure 2-6). No polymer was obtained due to the chelation of the oxygen and nitrogen 
atoms to the nickel in the catalyst. 
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Figure 2-6. Structures of nickel catalysts for metathesis polymerization 
 
Thermal and solubility properties of poly[2,3-bis(dimethylaminomethyl)-1,3-
butadiene]. The homopolymer of 2,3-bis(dimethylaminomethyl)-1,3-butadiene had a 5% 
weight loss at 300 °C and a 10% weight loss at 336 °C under nitrogen, which is comparable 
to the other functionalized diene polymers synthesized by the Sheares group.  The glass 
transition temperature of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] was 41 °C, 
much higher than the glass transition temperatures seen for the other diene-based materials 
previously studied, which had glass transition temperatures lower than room temperature 
(Figure 2-7).  Compared to polymer XIII, poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
has only one methylene group between the functional group and the butadienyl skeleton.  
Shorter side chains allow less flexibility, resulting in a higher glass transition temperature.  
Moreover, compared to polymers XIV, XV and XVI, poly[2,3-bis(dimethylaminomethyl)-
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1,3-butadiene] has two amine groups within each repeating unit, which leads to significant 
inter- and intramolecular interactions, and a higher glass transition temperature. 
 
COOEtEtOOC
XIII, Tg = -37 °C
NR2
Tg = -50 °C to - 34 °C
n n
R = Me
R = Et
R = Pr
XIV,
XV,
XVI,
Figure 2-7. Glass transition temperature of functionalized diene-based polymers 
 
Poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] was soluble in common organic 
solvents such as chloroform, THF, methanol, ethyl acetate, diethyl ether and hexane.  It was 
not soluble in water, but was soluble in acidic water.  The quaternization reaction proceeded 
quantitatively resulting in a white crystalline material that was completely soluble in water 
and was not soluble in any of the above organic solvents. 
 
Hydrogenation of 2,3-bis(dimethylaminomethyl)-1,3-butadiene. Attempts to 
hydrogenate the obtained poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] were carried 
out using 10% palladium on carbon as the catalyst at 1500 psi and 150 °C.  No hydrogenated 
version of the polymer was obtained even after 48 h.  As expected, the double bond in the 
polymer was very stable and not susceptible to post-polymerization reactions.  The polymer 
is stable at room temperature for at least one year. 
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2.5  Conclusion 
Several new diene-based monomers that incorporate a range of functional groups 
have been synthesized and their potential towards polymerization was investigated.  These 
functionalized dienes can be used as precursors to prepare other functionalized monomers, 
such as cyclohexenes.  Amine functionalized diene-based polymers with two amino groups 
in each repeat unit were successfully synthesized by bulk and solution free radical 
polymerization techniques.  The amine functionalized polymers can be used as a polar 
additive to increase the adhesive property of the polymer blends.  They can also be used as 
coatings where a strong chelation of the polymer to various metals is desired.  Quaternization 
of the polymer was successfully carried out with 100% conversion, leading to a final material 
that was water soluble.  This can be used in various areas such as ion exchange resins, phase 
transfer catalysis, waste water treatment and biomedical applications.  
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CHAPTER 3.  SYNTHESIS OF AMINE FUNCTIONALIZED DIENE-BASED 
POLYMERS AS NOVEL GENE DELIVERY VECTORS 
 
3.1  Abstract 
A series of amine functionalized diene-based polymers were synthesized via anionic 
and free radical polymerization techniques for evaluation of their potential as gene delivery 
vectors.  Cytotoxicity, binding affinity and transfection efficiency properties were examined.  
A systematic study of the structure-property relationships revealed that cytotoxicity 
decreased as the side group of the polymers changed from methyl to propyl group.  The 
binding affinity between the polymers and DNA also decreased as the size of the side group 
increased.  Of the polymers studied, poly[2-(N,N-diethylaminomethyl)-1,3-butadiene], with 
lower cytotoxicity than poly(ethylene imine) and reasonable transfection efficiency at an N/P 
ratio of 2, is a promising, novel transfection vector. 
 
3.2  Introduction 
Gene therapy has received great interest in recent years because of its potential for the 
treatment of various diseases and genetic disorders.  Nucleic acids cannot be delivered to a 
person’s cells directly due to their large size and instability under physiological conditions.  
A carrier, which is called a gene delivery vector, is needed.  The main limitation to the wide 
utilization of gene therapy is the lack of efficient, non-toxic gene delivery vectors.1-3 As a 
result, significant efforts have been made to develop improved delivery vectors.  There are 
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mainly two kinds of these delivery vectors: viral vectors and non-viral vectors.  Although 
viral vectors are generally efficient at delivering genes, their application has been limited by 
their immunogenicity and potential oncongenicity.1 As such, synthetic polycations have 
received increased attention as potential gene delivery vectors because of their lower safety 
risks, ability to incorporate large therapeutic DNA, ease of large scale synthesis, and 
tunability.1, 4, 5 Due to the electrostatic interactions between the positively charged groups in 
the polymers and the phosphate groups in the DNA, DNA binds with these polymers and 
form polyplexes that cells can uptake.  These polyplexes protect DNA from degradation by 
nucleases. 
Understanding the structure-property relationship between gene delivery vectors and 
transfection efficiency plays an important role in designing efficient gene delivery vectors.  
Thus far, the literature on this topic is very limited.  In this chapter, the synthesis of a series 
of amine functionalized polymers is described and the effect that the molecular weight, size 
of the side chains and number of amino groups within each repeating unit has on transfection 
efficiency is discussed.  The synthesis of block copolymers composed of poly(ethylene 
glycol) (PEG) and amine functionalized polymers and their properties compared to that of 
amine functionalized homopolymers is also discussed. 
 
3.3  Experimental 
Materials. Sec-butyllithium was purchased from FMC Corporation and used without 
further purification.  2,2'-Azobisisobutyronitrile (AIBN) was recrystallized from methanol.  
Poly(ethylene glycol) monomethyl ether (mPEG-OH) was purchased from Polysciences, Inc. 
(Warrington, PA).  Amine terminated poly(ethylene glycol) monomethyl ether (mPEG-NH2)
55
was purchased from Nektar Therapeutics (Huntsville, AL).  Plasmid DNA (pCMV-Luc) was 
purchased from Elim Biopharmaceuticals, Inc (Hayward, CA).  Minimum Essential Medium 
(MEM), Dulbecco’s Modified Eagle’s Medium (D-MEM), Hanks’ Balanced Salt Solution 
(HBSS), Dulbecco’s Phosphate Buffered Saline (PBS), fetal bovine serum (FBS) and 
penicillin-streptomycin were purchased from Invitrogen.  CellTiter 96® AQueous One Solution 
Cell Proliferation Assay and Luciferase Assay System were purchased from Promega 
Corporation (Madison, WI).  BCA Protein Assay Kit was purchased from Pierce (Rockford, 
IL).  Toluene and benzene were degassed, dried over sodium and freshly distilled before use.  
N,N-dimethylformamide was distilled from calcium hydride and stored over molecular sieves.  
All other reagents were used without further purification.  
 
Instrumentation. 1H and 13C NMR spectra were acquired in deuterated chloroform 
on a Bruker 400 AVANCE spectrometer.  Molecular weights were measured by a Waters 
GPC system using polystyrene standards.  Glass transition temperatures were measured with 
a Seiko 220C differential scanning calorimeter, using a heating and cooling rate of 10 
°C/min.   The glass transition temperatures were reported based on the second heating.   
Thermogravimetric analysis was carried out using a Perkin Elmer TGA 7 with a heating rate 
of 10 ºC/min in a N2 atmosphere.  Elemental analysis was performed by Atlantic Microlab, 
Inc. 
 
Synthesis of 2-bromo-3-(N,N-dialkylamino)propene. To a solution of 
dialkylamine in ether was added 2,3-dibromopropene dropwise at 0 °C.  The molar ratio 
between the dialkylamine to 2,3-dibromopropene was 2:1, 3:1 and 6:1 for the methyl, ethyl 
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and propyl compound, respectively.  The reaction mixture was allowed to slowly warm to 
room temperature and stirred for 16 h.  The solution was extracted three times with diethyl 
ether, washed once with brine, and dried over anhydrous magnesium sulfate.  After 
evaporation of the solvent, the residue was distilled to give 2-bromo-3-(N,N-
dialkylamino)propene in quantitative yield. 
2-bromo-3-(N,N-dimethylamino)propene 
1H NMR (400 MHz, CDCl3): W 5.79 (s, 1H), 5.56 (s, 1H), 3.09 (s, 2H), 2.26 (s, 6H).  
13C NMR (400 MHz, CDCl3): W 131.60 (CH2=CBrCH2), 119.12 (CH2=CBrCH2), 68.20 
(CH2N), 45.14 [N(CH3)2]. 
2-bromo-3-(N,N-diethylamino)propene 
1H NMR (400 MHz, CDCl3): W 5.89 (s, 1H), 5.55 (s, 1H), 3.24 (s, 2H), 2.59 (q, 4H, J 
= 7 Hz), 1.03 (t, 6H, J = 8 Hz). 13C NMR (400 MHz, CDCl3): W 133.60 (CH2=CBrCH2), 
117.80 (CH2=CBrCH2), 62.00 (CH2=CBrCH2N), 46.98 [N(CH2CH3)2], 12.02 [N(CH2CH3)2]. 
2-bromo-3-(N,N-dipropylamino)propene 
1H NMR (400 MHz, CDCl3): W 5.90 (s, 1H), 5.53 (s, 1H), 3.24 (s, 2H), 2.43 (t, 4H, J 
= 8 Hz), 1.46 (m, 4H, J = 7 Hz), 0.89 (t, 6H, J = 8 Hz).  13C NMR (400 MHz, CDCl3): W
133.60 (CH2=CBrCH2), 117.80 (CH2=CBrCH2), 63.00 (CH2=CBrCH2N), 55.92 
[N(CH2CH2CH3)2], 20.78 [N(CH2CH2CH3)2], 12.16 [N(CH2CH2CH3)2]. 
 
Synthesis of 2-(N,N-dialkylaminomethyl)-1,3-butadiene.    Vinylmagnesium 
bromide (1 M in THF, 0.24 mol) was added dropwise to 2-bromo-3-(N,N-
dialkylamino)propene (0.20 mol) in the presence of [1,3-bis(diphenylphosphino)propane]di-
chloronickel(II) (7.40 x 10-4 mol) at 0 °C.  The reaction mixture was allowed to slowly warm 
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to room temperature and stirred for 16 h.  The reaction mixture was then quenched with 300 
mL of saturated ammonium chloride solution, extracted with diethyl ether 3 times, washed 
once with brine, and dried over anhydrous magnesium sulfate.  After evaporation of the 
solvent, the residue was distilled to give 2-(N,N-dialkylaminomethyl)-1,3-butadiene in 67-
70% yield.  
2-(N,N-dimethylaminomethyl)-1,3-butadiene 
 
1H NMR (400 MHz, CDCl3): W 6.38 (dd, 1H, J1 = 17.6 Hz, J2 = 11 Hz), 5.41 (d, 1H, J 
= 17.6 Hz), 5.16 (s, 1H), 5.13 (s, 1H), 5.12 (d, 1H, J = 11 Hz), 3.02 (s, 2H), 2.23 (s, 6H).  13C
NMR (400 MHz, CDCl3): W 143.26 (CH2=CCH2N), 137.45 (CH2=CHCCH2N), 117.51 
(CH2=CHCCH2N), 114.32 (CH2=CCH2N), 61.80 (CH2N), 45.39 [N(CH3)2].  Elem. Anal.  
Calcd.: C, 75.62%;  H, 11.79%;  N, 12.60%.  Found: C, 75.77%;  H, 11.97%;  N, 12.25%. 
2-(N,N-diethylaminomethyl)-1,3-butadiene 
1H NMR (400 MHz, CDCl3): W 6.38 (dd, 1H, J1 = 17.6 Hz, J2 = 11 Hz), 5.44 (d, 1H, J 
= 17.6 Hz), 5.20 (s, 1H), 5.13 (s, 1H), 5.08 (d, 1H, J = 11 Hz), 3.15 (s, 2H), 2.50 (q, 4H, J = 7 
Hz), 1.00 (t, 6H, J = 7 Hz).  13C NMR (400 MHz, CDCl3): W 143.69 (CH2=CCH2N), 137.51 
(CH2=CHCCH2N), 116.53 (CH2=CHCCH2N), 113.53 (CH2=CCH2N), 54.93 
[CH2N(CH2CH3)2], 46.63 [N(CH2CH3)2], 11.28 [N(CH2CH3)2].  Elem. Anal.  Calcd.: C, 
77.63%;  H, 12.31%;  N, 10.06%.  Found: C, 77.63%;  H, 12.30%;  N, 9.89%. 
2-(N,N-dipropylaminomethyl)-1,3-butadiene 
1H NMR (400 MHz, CDCl3): W 6.38 (dd, 1H, J1 = 17.6 Hz, J2 = 11 Hz), 5.41 (d, 1H, J 
= 17.6), 5.18 (s, 1H), 5.09 (s, 1H), 5.02 (d, 1H, J = 11 Hz), 3.11 (s, 2H), 2.31 (t, 4H, J = 7 
Hz), 1.42 (m, 4H, J = 7 Hz), 0.83 (t, 6H, J = 7 Hz).  13C NMR (400 MHz, CDCl3): W 144.26
(CH2=CCH2N), 137.94 (CH2=CHCCH2N), 116.88 (CH2=CHCCH2N), 113.85 
58
(CH2=CCH2N), 56.71 [CH2N(CH2CH2CH3)2], 56.22 [N(CH2CH2CH3)2], 20.19 
[N(CH2CH2CH3)2], 11.89 [N(CH2CH2CH3)2].  Elem. Anal.  Calcd.: C, 78.97%;  H, 12.65%;  
N, 8.37%.  Found: C, 79.02%;  H, 12.72%;  N, 8.38%. 
 
Anionic polymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadiene.  Monomer was 
stirred over dibutylmagnesium for 20 min before vacuum distillation.  Monomer (0.5 mL), solvent (1 mL) and sec-butyllithium (amount 
varies according to the target molecular weight) were added to a flame-dried round bottom flask and stirred at the desired temperature for 
the prescribed amount of time depending on the monomer structure.  The reaction was terminated with degassed methanol.  1H NMR of the 
reaction mixture was taken before the polymer was precipitated.  The conversion was calculated based on the integration ratio of the 
characteristic vinylic peak from the polymer at 5.24-5.29 ppm to the remaining vinylic peak from the monomer at 6.38 ppm.  Poly[2-
(N,N-dialkylaminomethyl)-1,3-butadiene] (PAI) was purified by precipitation into acetone at 
-78 ºC and dried under vacuum at room temperature for 24 h. 
poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] (PMAI) 
1H NMR (400 MHz, CDCl3): W 5.26 (s, 1H), 2.80 and 2.70 (s, 2H from trans and cis 
CH2N), 2.13-2.10 [broad, 10 H, 6 from 2(CH3) and 4 from the polymer backbone].  13C NMR 
(400 MHz, CDCl3): W 136.75 (CH2CH=CCH2), 128.62 (CH2CH=CCH2), 66.61 [CH2N(CH3)2,
cis], 58.31 [CH2N(CH3)2 , trans], 45.46 [N(CH3)2], 35.90 (CH2CH=CCH2, trans), 28.83 
(CH2CH=CCH2, cis), 26.38 (CH2CH=CCH2).  Elem. Anal.  Calcd.: C, 75.62%;  H, 11.79%;  
N, 12.60%.  Found: C, 75.83%;  H, 11.36%;  N, 11.72%. 
poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] (PEAI) 
1H NMR (400 MHz, CDCl3): W 5.29 (broad, 1H), 2.93 and 2.84 (s, 2 H from trans and 
cis CH2N), 2.40 (q, 4H), 2.03-2.15 (broad, 4H), 0.98 (t, 6H).  13C NMR (400 MHz, CDCl3): W
137.80 (CH2CH=CCH2), 127.90 (CH2CH=CCH2), 60.30 [CH2N(CH2CH3)2, cis], 52.23 
[CH2N(CH2CH3)2, trans], 46.97 [N(CH2CH3)2], 36.20 (CH2CH=CCH2, trans), 29.40 
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(CH2CH=CCH2, cis), 26.90 (CH2CH=CCH2), 12.20 [N(CH2CH3)2].  Elem. Anal.  Calcd.: C, 
77.63%;  H, 12.31%;  N, 10.06%.  Found: C, 77.37%;  H, 12.41%;  N, 9.94%. 
poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] (PPAI) 
1H NMR (400 MHz, CDCl3): W 5.24 (s, 1H), 2.89 and 2.80 (s, 2 H from trans and cis 
CH2N), 2.23 (t, 4H), 2.09 (broad, 4H), 1.39 (m, 4H), 0.82 (t, 6H).  13C NMR (400 MHz, 
CDCl3): W 137.16 (CH2CH=CCH2), 127.96 (CH2CH=CCH2), 61.05 [CH2N(CH2CH2CH3)2,
cis], 55.64 [N(CH2CH2CH3)2],  52.79 [CH2N(CH2CH2CH3)2, trans], 35.93 (CH2CH=CCH2,
trans), 28.92 (CH2CH=CCH2, cis), 26.41 (CH2CH=CCH2), 20.21 [N(CH2CH2CH3)2], 11.87 
[N(CH2CH2CH3)2].  Elem. Anal.  Calcd.: C, 78.97%;  H, 12.65%;  N, 8.37%.  Found: C, 
78.48%;  H, 12.58%;  N, 8.24%. 
 
Free Radical Polymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadiene.6
Monomer and AIBN were added to an ampoule with a magnetic stir bar.  After three cycles 
of freeze-pump-thaw, the ampoule was sealed under Argon and placed in an oil bath 
preheated to 70 °C.  After 24 h, the polymer was precipitated twice into acetone and dried 
under vacuum at room temperature for 48 h. 
 
Synthesis of the diblock copolymer by anionic polymerization. Monomer 2-(N,N-
dimethylaminomethyl)-1,3-butadiene was stirred over dibutylmagnesium for twenty minutes 
and vacuum distilled before use.  Monomer (0.4 g, 3.6 mmol, 0.5 mL), benzene (1.0 mL) and 
sec-butyllithium (8.2 x 10-2 mmol, 50 µL) were added to a flame-dried round bottom flask at 
10 °C.  The color of the reaction mixture became yellow immediately after the addition of 
sec-butyllithium to the aminoisoprene monomer.  The propagation reaction was completed 
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within 10 min, at which time freshly distilled ethylene oxide (0.4 g, 9.1 mmol) was 
introduced into the reaction flask.  After the addition of ethylene oxide, the yellow color 
gradually faded and the reaction mixture became colorless within 50 min, indicating all 
carbanions had reacted with ethylene oxide.  Phosphazene base t-BuP4 solution (9.0 x 10-2 
mmol, 90 µL), was introduced to the reaction system and the temperature was increased to 55 
°C.  After stirring for 16 h, acidic methanol was added to the reaction mixture to terminate 
the polymerization.  The polymer was purified by precipitation in diethyl ether. 
 
Synthesis of macroinitiator.  A PEG block macroinitiator was synthesized according 
to the reported procedure.7 A solution of 4,4’-azobis(4-cyanopentanoic acid) (0.280 g, 1 
mmol) and 4-dimethylaminopyridinium 4-toluenesulfonate (DPTS) (0.882 g, 3 mmol) in a 
mixture of methylene chloride and dry N,N’-dimethylformamide was added to mPEG-OH 
(10 g, 2 mmol).  A solution of N,N’-dicyclohexylcarbodiimide (1.236 g, 6 mmol) in 
methylene chloride was then added dropwise to the mixture.  The reaction was stirred at 
room temperature for 36 h and poured into 300 mL of isopropanol.  The precipitation was 
collected and dried under vacuum before use. 
 
Synthesis of diblock copolymer by free radical polymerization.  Monomer and 
macroinitiator were added to a 20 mL ampoule.  After three cycles of freeze-pump-thaw, the 
reaction ampoule was sealed under argon and placed in an oil bath preheated to 80 °C.  The 
polymer was purified by reprecipitation and fractionation. 
 
Cytotoxicity Assay.  HeLa cells were grown in 96-well plates at a density of 1 x 104
cells per well in 150 ^L of growth medium (89% MEM, 10% FBS and 1% Penicillin/ 
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Streptomycin).  Cells were grown for 24 h, after which time the growth medium was 
removed.  Cells were washed once with PBS.  To 1 mg of polymer was added 40 µL of acetic 
acid when preparing the polymer solution.  A 150 ^L aliquot of the polymer solution was 
added to each well in triplicate.  Cells were incubated at 37 °C, 5% CO2. After 4 h of 
incubation, growth medium was removed and replaced with 100 ^L of medium and 20 ^L of
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium, 
inner salt (MTS, from CellTiter 96® AQueous One Solution Cell Proliferation Assay kit).  The 
samples were incubated for 1 h at 37 °C, 5% CO2. Optical absorbance was measured at 492 
nm using a microplate reader (Model 3550, Bio-Rad). 
 
Agarose Gel Electrophoresis Assay.  Polymer solutions were made by dissolving 1
mg of polymer in 10 mL Opti-MEM solution containing 4 ^L acetic acid.  DNA/polymer 
complexes were formed by mixing the desired amount of polymer solution (0.1 ^g/^L) with 
10 ^L of DNA solution (0.1 ^g/^L).  The resulting mixture was vortexed for 10 seconds.  
Electrophoresis assay was carried out on 0.75% agarose gel in TAE buffer for 30 min at 92 V.  
DNA bands were visualized using ethidium bromide staining. 
 
Transfection Efficiency Test.  Polymer/DNA polyplexes were formed at N/P ratios 
of 4 and 2.  HeLa cells grown in 24-well plates were treated with 100 ^L of polyplex solution 
containing 0.8 ^g of plasmid DNA.  The growth medium was removed after the cells were 
incubated at 37 °C, 5% CO2 for 4 h.  Cells were rinsed once with HBSS.  MEM containing 
10% FBS and 1% Penicillin/Streptomycin were added to the cells.  Cells were reincubated 
for 48 h and treated with 150 ^L of lysis buffer.  After centrifugation, supernatant was 
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collected.  Luciferase activity was quantified by measuring the light generated by the mixture 
of 100 ^L of luciferase assay reagent and 20 ^L of cell lysate.  The total protein content was 
calculated using the BCA protein assay. 
 
3.4  Results and Discussion 
Synthesis of monomer.  The monomers chosen for this study were amine 
functionalized 1,3-butadienes.  In order to systematically study the effect of the size of the 
side groups on biological properties, dimethyl, diethyl and dipropylaminomethyl-1,3-
butadienes were synthesized.  In 1993, Stadler and coworkers synthesized a series of 2-(N,N-
dialkylaminomethyl)-1,3-butadienes using the method reported by Frauenrath et al.8-12 The 
overall yield was 20-30% after purification.  They later improved the synthesis by using a 
three-step process.13 Bromination of isoprene using liquid bromine followed by 
dehydrobromination gave the 2-bromomethyl-1,3-butadiene precursor.  An SN2 reaction 
between the dialkylamine and the precursor afforded the desired monomer.  The brominated 
1,3-butadiene obtained in the second step contained many impurities that were difficult to 
remove.  We now report a new two step synthetic method, where the overall yield is 
increased to 70% with high purity (100% purity by GC-MS).  Scheme 3-1 illustrates the 
synthetic approach for the two step synthesis.  An SN2 reaction between the dialkylamine and 
2,3-dibromopropene yielded an amine-functionalized vinyl bromide. This was followed by a 
nickel coupling reaction of the amine-functionalized vinylbromide with vinylmagnesium 
bromide to afford the desired monomer. 
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R2NH +
Br
Br
0 °C - R.T.
24 h
Br
NR2
MgBrBr NR2 +
THF NR2
Ni(dppp)Cl2
Me, IR =
Et, II
Pr, III  
Scheme 3-1. Synthesis of 2-(N,N-dialkylaminomethyl)-1,3-butadienes 
 
Anionic polymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadiene.  Having 
synthesized and purified the desired monomers, the anionic polymerization studies were 
carried out.  While there are several examples in the literature describing the anionic 
polymerization of similar monomers, one common theme is that the conversion from 
monomer to polymer is not quantitative.  The reason is not well understood.  In 1993, the 
Stadler group initiated the work on the anionic polymerization of 2-(N,N-
dialkylaminomethyl)-1,3-butadienes.9-13 Later Bieringer et al. synthesized triblock 
copolymers from 2-(N,N-dimethylaminomethyl)-1,3-butadiene, styrene and methacrylic acid 
by sequential monomer addition.14 To date, this is the only example of a block copolymer of 
these materials prepared by sequential monomer addition method.  In this example, the 
preparation of the amine functionalized diene block was carried out at -40 °C, and only the 
dimethyl version of the polymer was achieved.  Recently Mannebach and Müller reported the 
anionic copolymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadienes.15 Comonomers 
were added together at the beginning of the polymerization, and tapered block to random 
copolymers were obtained depending on the relative reactivities of the monomers.  In their 
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study, unreacted monomers were removed by vacuum, indicating the conversion was not 
quantitative.   
 
Table 3-1.  Results of anionic polymerization of monomers I, II and III 
Polymer Monomer Solvent Temp. 
(ºC) 
Conv.a Target 
‹Mn› x 10-3 
(g/mol) 
Explb
‹Mn› x 10-3 
(g/mol) 
PDIb
P1 I Toluene 10 99% 5.5 6.3 1.1 
P2 I Toluene 10 96% 11.1 9.3 1.2 
P3 I Benzene 10 100% 5.5 7.0 1.1 
P4 I Benzene 10 100% 11.1 13.4 1.2 
P5 II Toluene 10 97% 5.0 6.7 1.3 
P6 II Toluene 10 82% 10.0 10.4 1.5 
P7 II Toluene -5 97% 5.0 8.8 1.2 
P8 II Toluene -5 92% 10.0 15.3 1.4 
P9 II Toluene -40 98% 10.0 11.5 1.3 
P10 II Benzene 10 98% 5.0 5.5 1.3 
P11 II Benzene 10 98% 10.0 9.9 1.2 
P12 III Benzene 10 93% 5.0 8.2 1.4 
P13 III Benzene 10 68% 10.0 16.6 1.4 
a Conversion, determined by 1H NMR,  b Determined by GPC 
 
A better understanding of the reaction mechanism is critical for preparing block 
copolymers by sequential monomer addition.  Therefore, we undertook a detailed study to 
further investigate the nature of the polymerization.  The effects of side groups, solvent and 
temperature on the polymerization were studied.  Table 3-1 summarizes the experimental 
conditions and results of the anionic polymerization of monomers I, II and III. For the 
polymerization of monomer I in toluene, although the conversion was always greater than 
96%, quantitative conversion could not be achieved.  This is likely due to a chain transfer 
reaction to the solvent.  By changing the reaction solvent from toluene to benzene, 100% 
conversion was achieved.  When the polymerization of monomer II was carried out in 
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toluene with a target molecular weight of 10 x 103 g/mol, the conversion was increased from 
82% to 98% as the reaction temperature was decreased from 10 ºC to -40 ºC.  It is likely that 
both chain transfer and propagation reactions were suppressed at lower temperatures, but the 
chain transfer was suppressed more, leading to an increase in conversion.  When benzene 
was used as the solvent, conversion was increased to 98% at a reaction temperature of 10 ºC.  
The freezing point of benzene at 5.5 ºC prevents any further decrease in temperature, leaving 
open the question of whether quantitative conversion can be achieved at lower temperatures 
in benzene.  Lower conversion was observed in the polymerizations of monomer III in 
benzene compared to that of monomers I and II. The conversion was 93% when the target 
molecular weight was 5 x 103 g/mol and only 68% for a target molecular weight of 10 x 103
g/mol. 
In the above reactions, living anionic polymerization was not achieved.  The 
hypothesis is that side reactions, possibly chain transfer reactions to the solvent, exist in the 
system to compete with the propagation reactions and thus terminate the chains.  The amine 
functionalized monomers have side chains that are similar to the structure of N,N,N',N'-
tetramethylethylenediamine (TMEDA).  As a result, they should have similar effects on 
reactions as TMEDA.  It is well known that TMEDA is able to strongly chelate to lithium 
and therefore the combination of TMEDA and organolithium compounds is much more basic 
than organolithium alone.  In fact, it has been reported that a mixture of n-butyllithium and 
TMEDA is able to abstract a proton from refluxing benzene.16, 17 However, all of our 
polymerizations were carried out below room temperature, significantly reducing the 
possibility of chain transfer to benzene.  This suggests that in addition to chain transfer to the 
solvent, there is likely some other side reactions that lead to chain termination in the system.  
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It has been reported that the presence of TMEDA promotes a side reaction that forms 
a cyclic structure.18 In the polymerization of our monomers, when the penultimate unit of the 
chain has a vinyl microstructure, the carbanion active center can attack the vinyl carbon in 
the penultimate unit to form a five-membered cyclic ring structure.  This compound will then 
presumably undergo a lithium hydride elimination reaction which leads to chain termination 
(Scheme 3-2).  The driving force for this to undergo an elimination reaction instead of 
reinitiation reaction is the formation of the stable lithium hydride molecule and p-_
conjugation.  Moreover, the dialkylaminomethyl group on the new active center is 
sufficiently bulky to prevent the addition of monomer to this site.  1H NMR verifies the 
formation of the cyclic side product (Figure 3-1). The peaks at 5.03 and 4.79 ppm come from 
the vinyl protons in the 4,3-microstructure, and the peak at 4.97 ppm comes from the vinyl 
protons in the cyclic structure.  This peak was not observed in the 1H NMR of PMAI (Figure 
3-1(a)) when the conversion to polymer was quantitative.  It was observed in the 1H NMR of 
PEAI (Figure 3-1(b)) and PPAI (Figure 3-1(c)), where 100% conversion was not achieved.  
The peak decreases in the 1H NMR of PEAI as the temperature decreases (Figure 3-2), which 
corresponds to increasing conversions. 
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Scheme 3-2. Possible side reactions to terminate the chain propagation 
 
The ratio of 4,1-microstructure to vinyl microstructure in Figure 3-2 is 1.000: 0.070, 
1.000:0.038 and 1.000: 0.003 for 10 ºC, -5 ºC and -40 ºC, respectively.  As the temperature 
decreases, the degree of association between chain end anion and lithium counter ion 
increases.  Thus the negative charge is more localized on the ` carbon (Figure 3-3), resulting 
in more 4,1-microstructure.  Since the five-membered cyclic ring side product would only 
form when the penultimate unit of the chain has vinyl microstructure, the side reaction is less 
likely to happen at lower temperature.  This results in less side product and higher conversion 
to polymer.  The side reaction also explains why a PDI higher than the typical PDI for living 
anionic polymerization reactions was obtained.  The side reaction competes with the chain 
propagation reaction.  The longer the side chain is, the slower the chain propagation reaction 
due to steric reasons, thus the more pronounced the effect of the side reaction and the lower 
the conversion from monomer to polymer.  
The 1H NMR spectrum of PEAI (Figure 3-2) shows peaks at 2.93 and 2.84 ppm from 
the proton in the trans and cis microstructure, respectively.  Peaks were assigned according 
to a previous study.10 The integrated ratio of trans proton and cis proton was 1.00:1.33, 
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1.00:0.27 and 1.00:0.14 for 10 ºC, -5 ºC and -40 ºC, respectively.  In the propagation step, the 
monomer is always added to the polymer chain end in a cis fashion.  As the reaction 
temperature decreases, the rate of propagation also decreases, leaving more time for the chain 
end to isomerize to the more stable trans-microstructure.  
 
(a) 4,3-microstructure
* *
*
C cyclic structure
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Figure 3-1.  1H NMR of (a) PMAI; (b) PEAI; (c) PPAI 
(c)
* *C
(b)
*C *
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trans
cis
trans
cis
cis
trans
Figure 3-2.  1H NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] prepared at (a) 10 
ºC, (b) -5 ºC, (c) -40 ºC 
 
An interesting observation is that all the 2-(N,N-dialkylaminomethyl)-1,3-butadiene 
polymers obtained have almost exclusively 4,1-microstructure in spite of the fact that there 
were many polar groups in the reaction system.  No polymer was obtained when the reaction 
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was carried out in THF, while butadiene and isoprene form polymers with high vinyl 
microstructure content when the polymerization reactions are carried out in polar solvents 
such as THF or with TMEDA added to the reaction.  This can be explained by the chelation 
between the lithium and the amino group on the active chain end.13 Unlike polybutadiene 
and polyisoprene in polar solvents, where the negative charge is mostly localized on the a
carbon (Figure 3-3),19 for the amine functionalized polymers the negative charge is mainly 
localized on the ` carbon due to the chelation (Figure 3-4a).  Because of this chelation, a high 
4,1-microstructure was obtained.  When the reaction was carried out in THF, the chain end 
was surrounded by the polar THF molecules, preventing the addition of monomers (Figure 3-
4b).  The chelation of lithium to the amino group on the active chain end also explains why 
no 1,2-microstructure was obtained. 
 
CH2 CH C CH2
R'
Li
`ba
R'  = H
CH3
CH2NR2
Figure 3-3.  Structure of polydienes chain end 
 
CH2Li
NR2
s-Bu
O
OCH2Li
NR2
(a) (b)  
Figure 3-4.  (a) Structure of PAI chain end; (b) Structure of PAI chain end in THF 
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Free Radical Polymerization of 2-(N,N-dialkylaminomethyl)-1,3-butadiene.  
Polymers with various molecular weights from 5 to 20 x 103 g/mol were desired in order to 
study the effect of molecular weights on biological properties of these polymers.  The side 
reactions discussed above in the anionic polymerizations limited the ability to consistently 
prepare polymers with molecular weights greater than 15 x 103 g/mol.  Therefore, free radical 
polymerization techniques were used to synthesize polymers with higher molecular weights.  
Poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] with molecular weight of 10 x 103 g/mol 
was also synthesized in order to compare its biological properties with PMAI, its 
monosubstituted version.  The results of free radical polymerizations are summarized in 
Table 3-2. 
 
Table 3-2.  Molecular weight characterization of free radical polymerization of amine-
functionalized monomers 
 
Polymer Monomer AIBN ‹Mn› x 10-3 
(g/mol)a
PDIa
P14 I 0.5% 16.6 1.67 
P15 I 1% 12.1 1.68 
P16 II 0.5% 23.0 1.86 
P17 II 1% 17.3 2.09 
P18 DMABb 1% 10.3 1.21 
a Determined by GPC       
b 2,3-bis(dimethylaminomethyl)-1,3-butadiene (DMAB) as synthesized in chapter 2  
 
Synthesis of the diblock copolymers.  When the polyplexes formed by interaction 
between DNA and polymers have neutral charge, they usually have sizes that are too large 
(greater than 150 nm) for endocytosis.  In order to form polyplexes small enough for 
endocytosis, a large polymer to DNA ratio generally is prefered.  While smaller polyplexes 
can be prepared this way, the resulting polyplexes have a high net positive charge, making 
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them cytotoxic.  To address this problem, block copolymers composed of polycations and 
PEG have been employed as gene delivery vectors.  PEG, which has been widely used in 
biomedical applications due to its biocompatibility, hydrophilicity and stealth property, is 
able to shield the highly positively charged polyplex and reduce the interaction between the 
polyplexes and the cell tissues.14, 20-22 
Three different approaches were used to prepare the diblock copolymer materials.  
The first approach was to synthesize carboxylic acid terminated PAI and couple this end 
functionalized polymer with commercially available primary amine terminated PEG (mPEG-
NH2).  Both CO2 and succinnic anhydride were used to make the carboxylic acid terminated 
PAI using anionic polymerization techniques.  However, this approach proved unsuccessful 
because the propagating chains were terminated before the carboxylic end groups could be 
added, due to the side reactions discussed above.   
The second approach was the anionic polymerization of the amine functionalized 
dienes and ethylene oxide by sequential monomer addition (Scheme 3-3).  Due to the strong 
lithium-oxygen bond in nonpolar solvents such as benzene, only one ethylene oxide unit 
would add to the polymer chain end.  To break the strong lithium alkoxide aggregate and 
facilitate the propagation reaction, phosphazene base t-BuP4 was introduced to the system 
and afforded the block copolymer.  In addition to the desired diblock copolymer, 
homopolymers of PMAI and PEG were also recovered as side products.  PMAI 
homopolymer was obtained due to the side reactions discussed above.  PEG homopolymer 
was obtained as a result of the impurities in the initiator (Scheme 3-4).  Organolithium 
initiator can easily react with oxygen in the air and form lithium alkoxides, which in the 
presence of t-BuP4 is able to initiate the polymerization of ethylene oxide.  PMAI 
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homopolymer can be removed from the block copolymer mixtures using diethyl ether.  Due 
to the similarity of the solubility properties of the block copolymers and PEG homopolymers, 
it was very difficult to separate the two polymers by conventional methods.  
 
NMe2 O
HCl / MeOH
PMAI-b-PEG
NMe2 NMe2
n
NMe2 NMe2
n CH2CH2O
t-BuP4
O
NMe2 NMe2
n CH2CH2O CH2CH2Om
NMe2 NMe2
n CH2CH2O CH2CH2OHm
sec-BuLi
 benzene
10 °C,10 min RT, 50 min
55 °C, 16 h
 
Scheme 3-3. Synthesis of PMAI-b-PEG copolymer by anionic polymerization 
 
R Li
O2
R OLi
t-BuP4R OLi
O RO CH2CH2O n
Scheme 3-4.  Side reactions to form PEG homopolymers 
 
When attempts were made to make PEAI-b-PEG and PPAI-b-PEG using an 
analogous method, it was found that the living chains of amine functionalized dienes were 
terminated before the addition of ethylene oxide.  Therefore, free radical polymerization 
techniques were investigated to prepare block copolymers.  There are two ways to do so.  
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One method is to first polymerize the aminoisoprene monomers using 4,4’-azobis(4-
cyanopentanoic acid) as the initiator.  A subsequent coupling reaction of the resulting 
carboxylic acid terminated poly[2-(N,N-dialkylaminomethyl)-1,3-butadiene]s with mPEG-
OH should provide the desired block copolymer.  However, this approach usually gives low 
yields due to the difficulty of coupling two polymers with high molecular weights.  Therefore, 
the macroinitiator approach was used to prepare the diblock copolymers (Scheme 3-5).  The 
synthesis of the target macroinitiator B has been reported previously in the literature by the 
conversion of 4,4’-azobis(4-cyanopentanoic acid) to 4,4’-azobis(4-cyanopentanoyl chloride) 
and subsequent reaction with mPEG-OH.23, 24 In our case, macroinitiator B was synthesized 
by reacting mPEG-OH with 4,4’-azobis(4-cyanopentanoic acid) (A). This was followed by 
free radical polymerization of the aminoisoprene monomers using macroinitiator B prepared.  
Block copolymers were purified by precipitation twice in acetone at -78 °C and dried under 
vacuum for 48 h.  1H NMR and GPC verified that PEAI-b-PEG and PPAI-b-PEG were 
successfully synthesized by this method.   
 
A B
PEG macroinitiator (B)
24 h
NR2
MeO O m
NR2
n
Scheme 3-5. Synthesis of PAI-b-PEG copolymer by free radical polymerization 
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Cytotoxicity.  Given the potential biological applications of these materials, their 
cytotoxicity properties were evaluated using the MTS assay.  In this test, the MTS 
tetrazolium compound was bioreduced by living cells to provide a formazan product that has 
an absorbance at 490 nm (Scheme 3-6).  The absorbance at 490 nm is directly proportional to 
the quantity of formazan product, which is directly proportional to the number of living cells.  
Figure 3-5 illustrates the results of the cytotoxicity test. The cytotoxicity decreased from 
PMAI to PEAI, and dramatically decreased for PPAI.  In fact, PPAI showed the lowest 
cytotoxicity among all the polymers tested.  The disubstituted polymer poly[2,3-
bis(dimethyl-aminomethyl)-1,3-butadiene] (PAB) had slightly lower cytotoxicity than the 
monosubstituted polymer PMAI.  Diblock copolymer PEAI-b-PEG showed similar 
cytotoxicity to PEAI homopolymer at lower concentrations (less than 25 ^g/mL), while at 
higher concentrations the diblock copolymer showed much lower cytotoxicity than the 
homopolymer.  Most notably, all materials, except PMAI and PAB, demonstrated lower 
cytotoxicity than poly(ethylene imine), the most widely used transfection agent.  The order of 
cytotoxicity was PMAI > PAB > PEI > PEAI > PEAI-PEG > PPAI.  Cytotoxicity is likely 
due to the acidity of the polymer solution.  As the alkyl group changes from the methyl to the 
propyl group, the basicity of the amine increases, thus reducing the overall acidity. 
 
OCH2COOH
N N
NN
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N
S
OCH2COOH
N N
NN
SO3
N
S
H
MTS Formazan
Scheme 3-6. Structures of MTS tetrazolium compound and the formazan product 
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Figure 3-5. Cytotoxicity of the polymers in vitro. PMAI ( ), PEAI (c), PPAI (d), PAB ( ), 
PEAI-PEG (e), PEI ( ) 
 
Self-assembly of polycations and DNA.  Following cytotoxicity evaluation, the 
ability of the materials to complex to DNA was investigated.  Gel electrophoresis 
experiments were carried out for these investigations (Figure 3-6).  DNA has a negative 
charge due to the phosphate groups, whereas our polymers have a positive charge due to the 
amino groups.  As a result, the positively charged polymer will bind with negatively charged 
DNA, causing the DNA to condense into a compact particle.  Pure DNA or incompletely 
neutralized DNA migrates toward the anode on the agarose gel, while neutral or positively 
charged complexes do not migrate.  
The amount of PMAI needed to afford the electroneutral polyplexes containing 10 ^g
of DNA was 4, 3 and 2 ^g as the molecular weight of the polymer increased from 7.0, 13.4 
and 16.6 x 103 g/mol (Figure 3-6a, b, c).  This indicates that the binding affinity increases as 
the molecular weight increases for PMAI.  Contrastingly, the molecular weight of PEAI had 
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no effect on the amount of polymer required to form charge neutral polyplexes (Figure 3-6c, 
d).  Finally, PPAI did not demonstrate the ability to form charge neutral polyplexes 
regardless of the molecular weight, even when the ratio of amino groups to phosphate groups 
(N/P ratio) was increased to 3 (Figure 3-6e, f).  PAB interacted with DNA and formed 
completely charge neutral polyplexes when DNA to polymer ratio was 10:4 (Figure 3-6f).  
Overall, binding affinity decreased as the alkyl group was changed from methyl to ethyl, and 
dramatically decreased in the case of the propyl group.  This is likely due to the increased 
steric hindrance as the size of the alkyl group increases.  
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Figure 3-6.  Agarose gel electrophoresis assay.  Lanes correspond to various DNA/polymer 
weight ratios. 
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Transfection Efficiency Test.  Having demonstrated the ability to bind with DNA 
and to form condensed polyplexes, the transfection efficiency of the amine-functionalized 
polymers was investigated.  Cells were treated with DNA containing information on making 
luciferase, which is the catalyst for a bioluminescent reaction to generate light.  The light 
intensity is directly proportional to the amount of luciferase present.  The transfection 
efficiency was evaluated by comparing the light intensity generated.  Figure 3-7 illustrated 
the experimental results.  PMAI, PAB and PPAI showed similar transfection efficiency to 
naked DNA.  This is presumably because PPAI does not bind with DNA sufficiently, while 
PMAI and PAB bind with DNA so tightly that the release of DNA from the polyplexes was 
not efficient.  As a result, they do not work as well as PEAI which showed higher 
transfection efficiency.  While the molecular weights of PMAI and PPAI in the tested range 
showed no effect on transfection efficiency, the molecular weights of PEAI showed a 
significant effect.  PEAI with a molecular weight of 7000 g/mol showed similar transfection 
efficiency to naked DNA, while PEAI with a molecular weight of 12000 g/mol demonstrated 
significantly higher transfection efficiency.  PEAI, PEI and PEAI-b-PEG showed higher 
transfection efficiency at an N/P ratio of 4 than 2.  The transfection efficiency of the diblock 
copolymer was lower than that of the PEAI homopolymer.  One possible explanation is that 
while the PEG block can help reduce undesired blood clearance in vivo, it may also reduce 
the interaction of the cell membrane and the polyplexes, leading to a less effective 
endocytosis.  Even though transfection efficiency of PEAI was 2.6 times lower than PEI at an 
N/P ratio of 4 (optimum condition for PEI transfection), it was 75 times higher than PEI at an 
N/P ratio of 2.  
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Figure 3-7.  Transfection efficiency of various polymers in Hela cells at N/P = 4 (filled bars) 
and N/P = 2 (open bars).  Molecular weights of PMAI, PEAI, PPAI, PAB and PEI are 13, 15, 
16, 10 and 10 x 103 g/mol, respectively. 
 
The in vitro transfection efficiency depends on a wide variety of factors such as N/P 
ratio, confluency of cells, type of cell lines, method of preparing the polyplexes, composition 
of incubation medium and time of incubation.  Because of this, comparison of transfection 
efficiency of different polymers must be carried out under identical experimental conditions.  
Lynn et al. prepared a series of biodegradable poly(B-amino ester)s by reacting diacrylates 
with primary amines or bis(secondary amines).25 Among the 140 polymers prepared, five 
polymers showed slightly higher transfection efficiency than naked DNA, and two polymers 
showed four to eight times higher transfection efficiency than PEI at a polymer/DNA ratio of 
20:1.  Lim et al. synthesized poly[C-(4-aminobutyl)-L-glycolic acid] (PAGA) and evaluated 
its ability as a gene delivery vector.4 The result showed that even though under optimized 
conditions the transfection efficiency of PAGA was approximately three times higher than 
poly(L-lysine), a commonly used transfection agent, the optimum charge ratio was as high as 
60:1 due to the fast degradation rate of PAGA.  Later, they synthesized a network type 
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poly(amino ester) that had a much lower cytotoxicity and higher transfection efficiency than 
PEI at an N/P ratio of 10.26 Although some of the polymers that have been synthesized 
previously demonstrated higher transfection efficiency than PEI under certain conditions, 
they usually require a high N/P ratio (at least greater than 10), which is not desirable.  PEAI, 
which had lower cytotoxicity than PEI and showed reasonable transfection efficiency at an 
N/P ratio of 2, is a promising novel transfection vector. 
 
3.5  Conclusion 
Anionic polymerization of amine functionalized diene-based monomers was studied 
in detail.  The potential of the prepared polymers as gene delivery vectors was investigated. 
The results showed that in order to design an efficient gene delivery vector, the synthetic 
polymers must bind with DNA sufficiently to protect it.  On the other hand, they cannot bind 
with DNA so tightly as to prevent the release of the DNA from the polyplexes.  The amine 
functionalized polymer works most efficiently as a gene delivery vector when the alkyl group 
in the tertiary amine is an ethyl group.  PEAI, with a low cytotoxicity and high transfection 
efficiency at an N/P ratio of 2, is a promising, novel transfection vector. 
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CHAPTER 4.  GENERAL CONCLUSIONS
 
This dissertation focused on the synthesis of functionalized diene-based polymers 
using the functionalized monomer approach. Functional groups such as tertiary amines, 
primary amine, piperidyl, and methoxy groups were successfully incorporated into the diene-
based monomers.  Among these monomers, the tertiary amine functionalized monomer 
exhibited the highest potential to be polymerized.  Free radical polymerizations of the diene-
based monomer with two amine groups within each repeat unit were investigated in detail.  
Due to the similarity in structure, it is expected that this polymer will have high compatibility 
with many commercially available materials such as SBR and NBR.  This polymer can be 
used in polymer blends to tailor the properties of the materials, such as improving the  
adhesive property.  Due to the inter- and intra-molecular hydrogen bonding, glass transition 
temperature was increase to 41 °C, while it was approximately -70 °C, -80 °C, and -100 °C 
for polyisoprene, trans-1,4-polybutadiene, and cis-1,4-polybutadiene, respectively.  In 
contrast to polybutadiene and polyisoprene, the double bond in the disubstituted amine 
functionalized polymer was very stable and not susceptible to any post-polymerization 
reactions.  The polymer was stable at room temperature for at least one year.  The amine 
functionalized polymer was quaternized quantitatively to yield a water soluble polymer.  This 
polymer may find applications in phase transfer catalysis, ion exchange resins and electronic 
areas. 
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Even though other diene-based compounds did not show high reactivity towards free 
radical polymerizations, they can be used as precursors to synthesize new monomers for step 
growth polymerizations.  The diene compounds may react with an unsaturated diacid to give 
a functionalized diacid compound (Scheme 4-1).  A subsequent polymerization reaction with 
a diol or diamine monomer will result in functionalized polyester or polyamide, respectively.  
Presently the group is working on the synthesis of amine functionalized polyesters using this 
approach.  These polyesters have the potential to be used as biodegradable gene delivery 
vectors. 
 
HOOC
COOHRR
nn+
RR
COOHHOOC
nn
Scheme 4-1. Synthesis of functionalized diacid monomer 
 
Anionic polymerization of monosubstituted amine functionalized monomers was 
investigated extensively.  Temperature, type of the solvent, and size of the side groups 
greatly affected the polymerization results.  It was found that as temperature was decreased, 
higher conversion from monomer to polymer was obtained.  It was also found that there was 
chain transfer reaction to the solvent when the polymerization was carried out in toluene, 
resulting in chain termination and lower conversion.  As the side group changed from methyl 
to propyl, the propagation rate decreased.  It was determined that a five-membered cyclic 
ring may form when the penultimate unit has 4,3-microstructure, which was the cause for the 
non-living nature of the anionic polymerization. 
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Having investigated the synthesis of amine functionalized polymers, the potential of 
these polymers as gene delivery vectors were evaluated.  Cytotoxicity test showed that both 
the diethyl- and dipropylamine functionalized polymers have much lower cytotoxicity than 
the most widely used transfection agent PEI.  The diethylamine functionalized polymer also 
showed comparable transfection efficiency to PEI at an N/P ratio of four, and even higher 
transfection efficiency than PEI at an N/P ratio of two.  Therefore, it is a novel, promising 
gene delivery vector. 
When designing a gene delivery vector, it is good that the polymer could have a pH 
range of 7 to 9 so that it may be protonated once inside the endosomes.  This will lead to an 
influx of the chloride into the endosome, resulting in a breakage of the endosome and release 
of the gene delivery vectors.  Thus, transfection efficiency may be increased.  Binding 
affinity also plays an important role in the efficient delivery of DNA.  The polymer must be 
able to bind with DNA sufficiently to protect and condense it, while it should not bind DNA 
so tightly that the release of DNA from the polyplex is difficult.  Future work may involve 
using other amine groups to fine tune the pH value and binding affinity of the polymers to 
achieve higher transfection efficiency.  For example, monomers containing secondary amine 
and imidazole groups can be synthesized as illustrated in Scheme 4-2.  Imidazole has a pH 
buffer range from 6.2 to 7.8, and it is biocompatible.  Block copolymers of various 
monomers can also be made to broaden the pH buffer range.   
 
Br
+ H2N N
N
NH N N
Scheme 4-2. Synthesis of amine functionalized diene-based monomers 
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The amine functionalized diene-based monomers may be polymerized using 
hydrogen peroxide as the initiator (Scheme 4-3).  The resulting hydroxyl terminated polymer 
can be used as a prepolymer to make amine functionalized polyurethanes.  Preliminary 
studies are currently undergoing. 
 
R2R1 H2O2
HO
OH
R1
R2 OCN R NCO
n chain extenders O C
O
NH
R1 = CH2NMe2
R1 = CH2NMe2
R1 = CH2NEt2
R1 = CH2NPr2
R2 = CH2NMe2
R2 = H
R2 = H
R2 = H
Scheme 4-3. Synthesis of amine functionalized polyurethanes 
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1H NMR of 2,3-bis(chloromethyl)-1,3-butadiene 
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13C NMR of 2,3-bis(chloromethyl)-1,3-butadiene 
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1H NMR of tetrakis(bromomethyl)ethylene 
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13C NMR of tetrakis(bromomethyl)ethylene 
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1H NMR of 2,3-bis(bromomethyl)-1,3-butadiene 
 
95
 
1H NMR of 2,3-bis(piperidylmethyl)-1,3-butadiene 
96
13C NMR of 2,3-bis(piperidylmethyl)-1,3-butadiene 
 
97
1H NMR of 2,3-bis(methoxymethyl)-1,3-butadiene 
98
13C NMR of 2,3-bis(methoxymethyl)-1,3-butadiene 
99
1H NMR of 2,3-bis(azidomethyl)-1,3-butadiene 
 
100
1H NMR of 2,3-bis(aminomethyl)-1,3-butadiene 
 
101
13C NMR of 2,3-bis(aminomethyl)-1,3-butadiene 
 
102
1H NMR of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
 
103
13C NMR of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
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1H NMR of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
 
105
13C NMR of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
 
106
1H NMR of quaternized poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
 
107
DSC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
 
108
TGA of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
 
109
GC-MS of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
110
GC-MS of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
 
111
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in bulk using 0.5% 
AIBN as the initiator 
 
112
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in bulk using 0.5% t-
BPA as the initiator 
 
113
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in bulk using 0.5% t-
BHP as the initiator 
 
114
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in bulk using 0.5% t-
BPO as the initiator 
 
115
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in bulk using 1% t-
BPO as the initiator 
116
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in THF using 0.5% t-
BPO as the initiator 
 
117
GPC of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene], prepared in cyclohexane using 
0.5% t-BPA as the initiator 
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Elemental Analysis of 2,3-bis(dimethylaminomethyl)-1,3-butadiene 
119
Elemental Analysis of poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] 
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APPENDIX  B 
121
1H NMR of 2-bromo-3-(N,N-dimethylamino)propene 
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13C NMR of 2-bromo-3-(N,N-dimethylamino)propene 
123
1H NMR of 2-bromo-3-(N,N-diethylamino)propene 
 
124
13C NMR of 2-bromo-3-(N,N-diethylamino)propene 
 
125
1H NMR of 2-bromo-3-(N,N-dipropylamino)propene 
 
126
13C NMR of 2-bromo-3-(N,N-dipropylamino)propene 
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1H NMR of 2-(N,N-dimethylaminomethyl)-1,3-butadiene 
 
128
13C NMR of 2-(N,N-dimethylaminomethyl)-1,3-butadiene 
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1H NMR of 2-(N,N-diethylaminomethyl)-1,3-butadiene 
 
130
13C NMR of 2-(N,N-diethylaminomethyl)-1,3-butadiene 
 
131
1H NMR of 2-(N,N-dipropylaminomethyl)-1,3-butadiene 
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13C NMR of 2-(N,N-dipropylaminomethyl)-1,3-butadiene 
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1H NMR of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
134
13C NMR of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
135
1H NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
prepared at -40 ºC 
 
136
13C NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
prepared at -40 ºC 
 
137
1H NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
prepared at -5 ºC 
138
13C NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
prepared at -5 ºC 
 
139
1H NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
prepared at 10 ºC 
 
140
13C NMR of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
prepared at 10 ºC 
141
1H NMR of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
142
13C NMR of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
 
143
1H NMR of PEAI-b-PEG 
 
144
1H NMR of PPAI-b-PEG
145
DSC of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
146
TGA of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
147
DSC of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
148
TGA of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
149
DSC of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
 
150
TGA of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
 
151
Mass spectrometry of 2-(N,N-dimethylaminomethyl)-1,3-butadiene 
 
152
GC-MS of 2-(N,N-diethylaminomethyl)-1,3-butadiene
153
GC-MS of 2-(N,N-diethylaminomethyl)-1,3-butadiene 
154
GC-MS of 2-(N,N-dipropylaminomethyl)-1,3-butadiene 
155
GC-MS of 2-(N,N-dipropylaminomethyl)-1,3-butadiene 
156
GPC of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
157
GPC of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
158
GPC of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene] 
 
159
GPC of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
160
GPC of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
161
GPC of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene] 
 
162
GPC of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
 
163
GPC of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
 
164
GPC of poly[2,3-bis(N,N-dimethylaminomethyl)-1,3-butadiene] 
165
GPC of PEAI-b-PEG 
 
166
GPC of PPAI-b-PEG
167
Elemental Analysis of 2-(N,N-dimethylaminomethyl)-1,3-butadiene 
168
Elemental Analysis of 2-(N,N-diethylaminomethyl)-1,3-butadiene 
169
Elemental Analysis of 2-(N,N-dipropylaminomethyl)-1,3-butadiene 
170
Elemental Analysis of poly[2-(N,N-dimethylaminomethyl)-1,3-butadiene]
171
Elemental Analysis of poly[2-(N,N-diethylaminomethyl)-1,3-butadiene]
172
Elemental Analysis of poly[2-(N,N-dipropylaminomethyl)-1,3-butadiene] 
 
